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Résumé 

 

Le terme de « chaos quantique » recouvre l’étude des relations entre un système 

ondulatoire et son homologue classique, que le système dynamique soit intégrable, pseudo-

intégrable, mixte ou chaotique. Les billards, puits de potentiel infini enfermant une particule 

libre, en constituent le sujet d’étude par excellence, car un déplacement de la frontière permet de 

changer aisément de système dynamique. Aussi avons-nous fabriqué des micro-lasers plans de 

formes diverses (stade, disque, polygones, …) où, par analogie formelle, le champ 

électromagnétique joue le rôle d’une particule quantique. La limite classique correspond alors à 

celle de l’optique géométrique. 

L’originalité de notre étude repose sur l’utilisation de matériaux organiques à faibles 

indices de réfraction qui facilite le couplage avec l’extérieur de la lumière piégée dans la cavité. 

Ces billards ouverts présentent des caractéristiques génériques très différentes de celles attendues 

pour des systèmes équivalents fermés. En particulier, le lien entre optiques géométrique et 

ondulatoire s’est révélé beaucoup plus étroit. 

Nos études expérimentales ont concerné les directions d’émission et les spectres. Pour les 

premières, nous avons proposé un modèle analytique dans le cas de cavités chaotiques. 

Concernant les spectres, nous avons développé une méthode d’analyse qui extrait les longueurs 

géométriques des orbites périodiques. Ce procédé s’avère très efficace pour tester les prédictions 

théoriques (formule de trace). Par ailleurs, un modèle ondulatoire pour les cavités polygonales 

ainsi qu’une approche perturbative adaptée aux déformations continues du disque ont été validés 

par des simulations numériques. 

 

 

 

Abstract 

 

Quantum chaos research deals with connections between a wave system and its classical 

counterpart with a dynamical system which can be integrable, pseudo-integrable, mixed or 

chaotic. In this context, billiards are typical topics because their are made up of an infinite 

potential confining a free particule and so the dynamical system is easily modified by moving the 

boundary. To study this field, we have made flat micro-lasers with various shapes (stadium, disk, 

polygons, etc...). Actually, due to a formal analogy, the electromagnetic field plays the role of a 

quantum particule. The classical limit then corresponds to the geometrical optics limit. 

The original aspect of our study is based on the use of organic materials. In fact their low 

refractive indexes facilitate the output coupling of the light confined inside the resonator. The 

generic features of these open billiards are very different from what is expected for equivalent 

closed systems. In particular, they reveal close links between wave and geometrical optics. 

Concerning experiments, we have studied directions of emission and spectra. For the first ones, 

an analytical model has been proposed in the case of chaotic cavity. For spectra, a data 

processing has been developped to extract the geometrical length of the dominant periodic orbits. 

It has been proved to be very efficient in testing theoretical predictions (trace formula). 

Furthermore, a wave model for polygonal cavities as well as an analytical approach for disk 

continuous perturbations have been confirmed by numerical simulations. 
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} �=P�4].9,2�3(+&E.9,2P�/@? .9,2/'��"%02P!P+&bPW? "=LaO3*!�3,-(:(+*!O=P:/1&vz@G3*!�3,-(!�=PWQ } "�h2�M0'*!�  Q ®7�=.9H�$#"%*!�ICE�=P�*!G3$#"%*��(+&)(+&E.9,2P:P+$#"%(+&F"%CE�=P�/'�=P�&),-(!�3,2P+&)(!G=P:$8.90'*�/'�=P��W"=L	&)(!G=P:�3,�4].9*+HX�I/'�XP+(K"9/'�MQ\�Z,��]"a�>&)C�PW? "%�M&)(�/@? 0',2��W"=L	&)(!G
H�&E�3*!.%��.9,2/'�XHXG3(K"%C)C)&EP!G=�X/'.9,2�X�I4f"%&);'CE�=P6$8�3*+(!�=P6�3(��3,��²;q�>/@? 0',�*!G=P!.9,#"%(!�30'*�/1&EG3CE�=�3(+*+&ED-02�MQ�6"%,2P>­  . ¯�V-��Qa�g�3*+*+~�$'*!.9$8.MP!�`/'�`/'G=�3*+&)*!�`CE�=PZ4].9,2�3(+&E.9,2P�/@? .9,2/'�>/'�`P+~1P+(!O3HX�=Pb�! #"9.9(+&ED-02�=Pg�=.9H�HX�0',2��P+0'$8�3*+$8.MP+&)(+&E.9,�"%CEGW"%(!.9&)*!�J/@? .9,2/'�=P�$'CF"%,2�=PWQb���3(+(!�J�=.9,9<+�=�3(+0'*!�7"�G3(!G�LaG3*+&5h#G=�JP+0'*�/1&vz@G3*!�3,-(!P;'&)C)CF"%*!/'Pd4]�3*+HXG=P`�3(>.9,7$8�30'(>�=.9,2P+(K"%(!�3*>P+0'*dCF":h2�M0'*!�  Q ®7�]"a�ND-02�6CF"�C)0'H�&EO3*!��.	�=�30'$8�6Cf? �3,2P!�3H�;'CE�/'��CF" �W"=L	&)(!GMQZ�Z,�*!�3LM"%,2�! 2�MVU�=�3(+(!�J�=.9,9<+�=�3(+0'*!��,2�JPW? "%$'$'C)&ED-02��HI"%,'&54]�=P+(!�3HX�3,-(X$#"9PX"%01A�H�&E�3*!.%��W"=L	&)(!G=PN/1&EG3CE�=�3(+*+&ED-02�=Pg$'0'&EP!D-0^? �3,��²;q�ZCF"�C)0'H�&EO3*!�>*!�=P+(!�`CE.	�W"%C)&EP!G=�6��CF"�$8G3*+&)$' 2G3*+&E�MQ#���`$' 2G3,2.9HXO3,2�/'��CE.	�W"%C)&EPK"%(+&E.9,^VM/'G3,2.9H�HXG�_3P!�W"%*S_9V9�BA1&EP+(!�N"%02P!P+&'/2"%,2P[CE�=P[P+~1P+(!O3HX�=PY4]�3*+HXG=Pg­ �M¢%¯�V%HI"%&EP[&)C2"%$'$#"%*K"��E(/'��HI"%,'&EO3*!�d�BA'�=�3$'(+&E.9,',2�3C)CE�`"%CE.9*!PZD-0^? &)C'P!�3H�;'CE� {3(+*!�g/'�g*!O3�MCE�g$8.90'*[CE�=P[*!G=P!.9,#"%(!�30'*!PU/1&EG3CE�=�3(+*+&ED-02�=PWQ
} ? &),-LM"%C)&E/2"%(+&E.9,�/'�:�=�=Pc�=.9,9<+�=�3(+0'*!�=P>*!�3,2/�CE�=P>P+~1P+(!O3HX�=P>.90'La�3*+(!Pc(+*!O=Pc"%(+(+*K"9�3(+&54]PWQ } �=P`*!G=P!.9,#"S�(!�30'*!Pc/1&EG3CE�=�3(+*+&ED-02�=P6�3, $#"%*+(+&E�30'C)&E�3*WVq$#"%*!�=�
D-0^? �3, $'C)02Pc/'��CE�30'*c&),-(!G3*1{3(c(!�=�! ',2.9CE.9�M&ED-02���3(c&),2/102P��(+*+&E�3CfV1CE�30'*N(+*K"%&)(!�3HX�3,-(`.9,2/10'CF"%(!.9&)*!�6*!�=P+(!�c0',2�cG3,'&)�MHX�MQ2R`CE.9*!PND-02�>CE�>$'*!.9;'CEO3HX��/'�>CF"
/1&vz8*K"9�3(+&E.9,/@? 0',2��.9,2/'�7$'CF"%,2��$#"%*I0',��=.9&),ªHXG3(K"%C)C)&ED-02��"�G3(!G7*!G=P!.9C)0�$#"%*J�	.9H�HX�3*�4]�3CE/�&)Cd~�"�$'C)02PI/@? 0',P+&EO=�3CE��­  £�
%¯�V\P!.9,TG=D-0'&)LM"%CE�3,-(�/1&EG3CE�=�3(+*+&ED-02��*!G=P+&EP+(!���3,2�=.9*!��"%01A�(+ 2G=.9*+&E�3&E�3,2PWQ[�Y.90'*+(K"%,-(�0',2��HXGB�(+ 2.	/'�X"%,#"%C)~	(+&ED-02��*!�3,2/1*K"%&)(�/'�:h#�3*!P�P!�3*+L	&E�=�=P6/2"%,2P�/'�
,2.9H�;'*!�301A�/'.9HI"%&),2�=P�/@? "%$'$'C)&E�W"%(+&E.9,^V\/'�CF"
$'*!.9$#"%�-"%(+&E.9,�/@? .9,2/'�=P`*K"9/1&E.X�3,7H�&)C)&E�30�0'*+;#"%&),�<�02P!D-0^? "%01AJP+~1P+(!O3HX�=Pd/'��P!G=�30'*+&)(!G��3,�"=L	&F"%(+&E.9,^Q�>.902Pd�3,J$'*!.9$8.MP!�3*!.9,2Pd0',2��"%$'$'*!.	�! 2���=.9H�$'CEG3HX�3,-(K"%&)*!�
�:CF"
$#"%*+(+&E��®1Q ¢1Q
R`01��/'�3CF�T/'� �=�=P7"9P+$8�=�3(!PJP!�3&E�3,-(+&5h#D-02�=PWVgCE�=P�*!G=P!.9,#"%(!�30'*!P7/1&EG3CE�=�3(+*+&ED-02�=P7$'*!G=P!�3,-(!�3,-(7Cf? "=LM"%,1�(K"%�a�>HI"S<+�30'*N/@? G3HX�3(+(+*!�MV'�=.9,-(+*K"%&)*!�3HX�3,-(>��CE�30'*!P� 2.9HX.9CE.9�M02�=Pg4]�3*+HXG=PWQ1´�CEPb,2.902PN.Dz8*!�3,-(N/'.9,2�c/'�=PHX.W~a�3,2P
P+0'$'$'CEG3HX�3,-(K"%&)*!�=PX/@? &),-La�=P+(+&)�-"%(+&E.9,��=.9H�HX�I$#"%*
�BA'�3H�$'CE�ICF"7/1~	,#"%H�&ED-02��/'�I*!�3CF"SA2"%(+&E.9,.90JCE�=Pd/1&)*!�=�3(+&E.9,2P>/@? G3H�&EP!P+&E.9,^Q } �6�! #"%$'&)(+*!�:®:HX�3(>�:$'*!.%h2(`�=�3(+(!���W"%*K"9�3(!G3*+&EP+(+&ED-02��$8.90'*d�BA1$'CE.9*!�3*CE�=PN$'*!.9$'*+&EG3(!G=Pd&),-(!�3*+,2�=P>/'�6�=�=P`P+~1P+(!O3HX�=PWQ
} �=PZH�&E�3*!.%���W"=L	&)(!G=Pb/1&EG3CE�=�3(+*+&ED-02�=PU*!�3,2.90'La�3C)CE�3,-(g/'.9,2�gCE�=PZLa.9&E�=PU/@? �BA1$'CE.9*K"%(+&E.9,I/10X�! #"9.MPbD-0#"%,1�(+&ED-02�c$#"%*!�=��D-0^? �3C)CE�=Pd$'*!G=P!�3,-(!�3,-(>/'�=Pd$'*!.9$'*+&EG3(!G=P`.9*+&)�M&),#"%CE�=P`�3(d$8�3*+HX�3(+(!�3,-(`0',2���BA1$'CE.9*K"%(+&E.9,��BA	�
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$8G3*+&)HX�3,-(K"%CE��*+&E�! 2���3(d/1&vz@G3*!�3,-(!��/'�6�=�3C)CE�6*!G=P!�3*+LaG=��"%01A7P+~1P+(!O3HX�=P�4]�3*+HXG=PWQ
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} �=Pb*!�=�! 2�3*!�! 2�=PgP+~1P+(!G3HI"%(+&ED-02�=PbP+0'*bCf? .90'La�3*+(+0'*!�>/@? 0',�P+~1P+(!O3HX�d.9,2/10'CF"%(!.9&)*!�>.9,-(�/'G3;'0'(!G>/2"%,2PCE�=P�"%,',2G=�=P�D-0#"%(+*!�B�fL	&),'�M(�/1&5A�­ ¢�
1V  ¢Dw9¯�V8,2.9(K"%H�HX�3,-(�/2"%,2P6CE�
;'0'(6/'�
$'*!.9(!G3�a�3*�CE�=P6G3(K"%(!P�D-0#"%,1�(+&ED-02�=P�/'��CE�30'*X�3,-L	&)*!.9,',2�3HX�3,-(�$8.90'*�$'*!.9CE.9,'�a�3*XCE�30'*X/10'*!G=�J/'��L	&E�MQZ�Z,��aG3,2G3*K"%CfVZCE�J�=.90'$'CF"%�a�"=La�=�ICE�X�=.9,-(+&),-0'0'H��BA1(!G3*+&E�30'*:�=P+(�HX.	/'G3C)&EP!GX$#"%*:/10�;'*+0'&)(:�3(�&)C�P!�3H�;'CE�ID-02�XCE�IP+~1P+(!O3HX��(!�3,2/'�"%CE.9*!PcLa�3*!P>0',��=.9H�$8.9*+(!�3HX�3,-(��3CF"9P!P+&ED-02��­ ¢��'V �M£%¯�Q@���=P6G3(+02/'�=P6P!.9,-(6*K"9P!P!�3H�;'CEG=�=P6P!.902P>CE�:(!�3*+HX��aG3,2G3*+&ED-02��/'��/'�=�=.9 2G3*!�3,2�=�MQ�Z,�4f"%&)(\CE�=P\H�&E�3*!.%�f*!G=P!.9,#"%(!�30'*!P[$'*!G=P!�3,-(!�3,-(Z/'�=P\�W"%*K"9�3(!G3*+&EP+(+&ED-02�=PZ"%,#"%CE.9�M02�=PZ�d�=�=PYP+~1P+(!O3HX�=P\.9,2/101�CF"%(!.9&)*!�=P�.90'La�3*+(!PWQa�>.902PULa�3*+*!.9,2P�/@? "%&)C)CE�30'*!Pg�cCF"c$#"%*+(+&E�>®1Q ®6�3(g"%0I�! #"%$'&)(+*!��w�D-02�NCE�30'*!PU$'*!.9$'*+&EG3(!G=PP!.9,-([4].9*+(!�3HX�3,-(ZHI"%*!D-02G=�=PZ$#"%*[CE�gP+~1P+(!O3HX�g�3CF"9P!P+&ED-02�MQ } "c/1&vz@G3*!�3,2�=�gHI"S<+�30'*!�g*!G=P+&E/'�g/2"%,2PZCE��(�~	$8�/'�6�=.90'$'CF"%�a��La�3*!PNCf? �BA1(!G3*+&E�30'*>D-0'&fV1$8.90'*d,2.902PWV1*!�=P+(!���=.9 2G3*!�3,-(WQ
�>&)La�3*!P!�=P[HXG3(+ 2.	/'�=PZ.9,-(UG3(!Gg�BA1$'CE.9*!G=�=P[$8.90'*[$'*!.	/10'&)*!��0',�P+~1P+(!O3HX�g.9,2/10'CF"%(!.9&)*!�N.90'La�3*+(WQM�\.90'(/@? "%;8.9*!/7.9,7$8�30'(d�3,-La.W~a�3*>0',2�6$#"%*+(+&E�30'CE��P+0'*N0',7$8.9(!�3,-(+&E�3CY�3(`.9;2P!�3*+La�3*dCE�=PN*!G=P!.9,#"%,2�=�=PWQ } �=P`"9P��$8�=�3(!P�(+ 2G=.9*+&ED-02�=P:.9,-(:G3(!G�CF"%*+�a�3HX�3,-(
/'G3La�3CE.9$'$8G=P:/2"%,2P�CE�=P:"%,',2G=�=P �M£S�d|9£7/2"%,2P�CE�I�W"9/1*!�X/'�XCF"$' -~1P+&ED-02��,-02�3CEGW"%&)*!���3(X/'�=P
 #"%0'(!�=PIG3,2�3*+�M&E�=PWQ } " $#"%*+(+&E� w2Q  Q ¢ (+*K"%&)(!�J/'�=PI"9/2"%$'(K"%(+&E.9,2P�"%0��W"9P/1&EG3CE�=�3(+*+&ED-02��.9°JCE�6$8.9(!�3,-(+&E�3C\G=D-0'&)LM"%CE�3,-(>/'G3$8�3,2/7/'�cCf? G3,2�3*+�M&E�MQ�c�=P6G3(+02/'�=P�/'��/1&vz802P+&E.9,�.9,-(�G3(!G
*!GW"%C)&EP!G=�=P�/1&)*!�=�3(!�3HX�3,-(:/2"%,2P6CE���W"9/1*!��/10��! #"9.MP�D-0#"%,-(+&ED-02�I�$#"%*+(+&)*`/107(+*K"%,2P+$8.9*+(`G3CE�=�3(+*!.9,'&ED-02��/2"%,2P`/'�=Pd�W"=L	&)(!G=P`P!�3H�&5���=.9,2/102�3(+*+&E�=�=PWQ } ":4].9*+HX��/'�6CF"
�W"=L	&)(!G&)H�$8.MP!�cCF"
/1~	,#"%H�&ED-02�6�3CF"9P!P+&ED-02�X�²&),-(!G3�M*K"%;'CE�MV2H�&5A1(!�6.90��! #"9.9(+&ED-02�S�g�3(NCE�=PNHX�=P+0'*!�=Pd/'�6�=.9,2/102�B�(K"%,2�=���3,7�=.9,2P!�3*+La�3,-(`CF"
(+*K"9�=�X­ 
�
1V[| w9¯�Q³ ,2�`LM"%*+&F"%,-(!�6���=�=P��BA1$8G3*+&E�3,2�=�=PN�=.9,2P+&EP+(!�c���3,-La.W~a�3*N0',2�>.9,2/'�>P+0'*g/'�=Pg/1&vz802P!�30'*!PWV-$#"%*g�BA'�3H�$'CE�/'�=P�/1&EP!D-02�=P:HXG3(K"%C)C)&EP!G=P7­ ®�|	V � ± V���
S¯d.90�/'�=P
$'CE.9(!P�/1&EG3CE�=�3(+*+&ED-02�=P7­ |��%¯�Q[�Z,T�aG3,2G3*K"%CfVZ.9,�"9P!P+&EP+(!�"%CE.9*!Pc"%0�$' 2G3,2.9HXO3,2�
/'��CE.	�W"%C)&EPK"%(+&E.9,T�2CF"�4].9,2�3(+&E.9, /@? .9,2/'�:PW? &),2P+(K"%C)CE�:�3(`*!�=P+(!��CE.	�W"%C)&EP!G=��$#"%*>0',<+�30�/@? &),-(!�3*�4]G3*!�3,2�=�=PWQ } �=P�CF"9P!�3*!P:"%CEGW"%(!.9&)*!�=P��
4].9,2�3(+&E.9,',2�3,-(�P+0'*��=��$'*+&),2�3&)$8��­ ¢ ± ¯�Q^´�CbP!�3H�;'CE�ID-02�CE�=Pd*!G=P!.9,#"%(!�30'*!Pc/1&EG3CE�=�3(+*+&ED-02�=P>�3(WV#/'��HI"%,'&EO3*!���aG3,2G3*K"%CE�MV#CE�=P`P+~1P+(!O3HX�=P`.90'La�3*+(!Pc�! #"9.9(+&ED-02�=P`$8.MP��P!O=/'�3,-(>�=�3(+(!�64f"9�30'C)(!G�/'��CE.	�W"%C)&EP!�3*dCE�30'*!Pd4].9,2�3(+&E.9,2P>/@? .9,2/'��P+0'*`/'�=P`.9*+;'&)(!�=P`$8G3*+&E.	/1&ED-02�=P:�ý�B4+Q2$#"%*�BA'�3H�$'CE��­ w-®1V.w 
'V �  V 
�|S¯#$8.90'*UCE�=PUH�&E�3*!.%�fCF"9P!�3*!P��3(`­ ���S¯q$8.90'*UCE�=P>_3.9$8�3,ID-0#"%,-(+0'HmHI"%$2PS_W�BQa�>.902P/'G3La�3CE.9$'$8�3*!.9,2P`�=�3(>"9P+$8�=�3(`"%0��! #"%$'&)(+*!�~w2Q
�6"%,2P��=�I�=.9,-(!�BA1(!�MV\Cf? 0'(+&)C)&EPK"%(+&E.9,T/'�XCf? �&z@�3(�CF"9P!�3*�$'*!G=P!�3,-(!�ICf? "=LM"%,-(K"%�a��/@? "%H�$'C)&5h#�3*
CE�=P�*!G=P!.%�,#"%,2�=�=PU�3(U/@? �3,
4f"9�3&)C)&)(!�3*b"%&),2P+&'Cf? &E/'�3,-(+&5h#�W"%(+&E.9,^Q	�>&)La�3*!PU/1&EP+$8.MP+&)(+&54]PZ.9,-(UG3(!GNG3(+02/1&EG=PWV-�>�=.9H�HX�3,2�=�3*$#"%*X/'�=P�H�&E�3*!.%��/1&EP!D-02�=PX�3,�$'0'&)(!PXD-0#"%,-(+&ED-02�=P7­ |��%¯�V[/'�=P��a.90'(!�3CE�3(+(!�=PI/@? G3(+ #"%,2.9C`/'.9$8G=�J�d 2.	/2"S�H�&),2��­ |�
%¯g.90�/'�=P:P+$' 2O3*!�=P:/'�IP+&)C)&E�=�I/'.9$8G=�I,2G=.	/1~	HX��­ ± |S¯�Q\�["%*:CF"7P+0'&)(!�I/@? "%0'(+*!�=P
�BA1$8G3*+&E�3,2�=�=P.9,-(
G3(!GX*!GW"%C)&EP!G=P:P+0'*:/'�=P:P+(+*+02�3(+0'*!�=P�HX.90'LM"%,-(!�=P
�=.9H�HX�I0',7<+�3(:/'�I�=.9CE.9*K"%,-(
CF"9P!�3*
�JCF"�4].9*+HX��=.9,-(+*��9CEG=��­ 
��%¯N.90�/'�=P
�=.9H�$8.MPK"%,-(!P�.9*+&E�3,-(!G=P
La�3*!P�/'�=P�"%$'$'C)&E�W"%(+&E.9,2P�&),2/102P+(+*+&E�3C)CE�=P��=.9H�HX��0',2��-"%&),2��"%0'(!.90'*6/@? 0',2��h2;'*!�
.9$'(+&ED-02��­ ® ± ¯�Qq�Y.90'*�PW? "%$'$'*!.	�! 2�3*6/'�=Pc;'&)C)CF"%*!/'PWV8P+~1P+(!O3HX�=P>�W"%,2.9,'&ED-02�=P/10��! #"9.MPXD-0#"%,-(+&ED-02�MVZ/'��,2.9H�;'*!�302P!�=PIG3(+02/'�=PX/'.9,-(�CF"�,��9(+*!�JP!.9,-(X�&z@�=�3(+02G=�=PXP+0'*�/'�=P��W"=L	&)(!G=PD-0#"9P+&5�f;'&E/1&)HX�3,2P+&E.9,',2�3C)CE�=PX"=La�=��/1&vz@G3*!�3,-(!�=P
HXG3(+ 2.	/'�=P:/@? &),-La�=P+(+&)�-"%(+&E.9, �\/1&)*!�=�3(+&E.9,2P
/@? G3H�&EP!P+&E.9,^VP+$8�=�3(+*!�=PWV^$'*!.9$#"%�-"%(+&E.9,�/@? 0',�$'0'CEP!��­ ®��'V w  ¯g.90�4f"9�3(!�30'*
/'�ID-0#"%C)&)(!G�­ �%¯�Q[���3*+(K"%&),2P:�M*!.90'$8�=P
.9,-(/'G¬<!�c�=.9H�HX�3,2�=G>�6PW? &),-(!G3*!�=P!P!�3*�"%0X�=.90'$'CF"%�a�`/'�N/'�301A7­ ± 
S¯#La.9&)*!�NH�{3HX�d/'�N�3&),2D
.90X/'.90X�W�d�W"=L	&)(!G=P­ �M®1V ± ®S¯�Q¤M02P!D-0^? �g(+*!O=P@*!G=�=�3H�HX�3,-(WVS�=�=P^H�&E�3*!.%�f*!G=P!.9,#"%(!�30'*!PYG3(K"%&E�3,-(^4f"%;'*+&ED-02G=P^�3,6HI"%(!G3*+&F"%01A�P!�3H�&5���=.9,2/102�3(!�30'*!P$8.90'*N4f"9�3&)C)&)(!�3*dCE�30'*d&),2�=.9*+$8.9*K"%(+&E.9,�$8.9(!�3,-(+&E�3C)CE��/2"%,2P`/'�=P`�=.9H�$8.MPK"%,-(!Pd&),2/102P+(+*+&E�3CEPWQ#� "%&EPd�=.9H�HX�
� ÞYÑBÔ%Ù^Í�ÓcÏ+á3ÑBÓ%Ù@ú)ÏKóSÐfÜ �=Ô%ñ[ì9Ï!Ð\×9ÏKÙfÏ!Ð�Ì>Í¬Û^Ðfñ�Ù]Í¬Ðfá3ÑBÓ%Ù^Ò Í�ÔSÐ\ÌSÍ�Ù]Ý¬ÐfÜ ìSÛfÜ ÑBÓcìMÑBÔSÐ\Òj� ÏKÓ%Ó%Í$�SÍZü



���������	��
���
������������������ |

,2.MP:(+*K"=LM"%01A�­ 
M®%¯N.9,-(�HX.9,-(+*!G�CF"7$8�3*+(+&),2�3,2�=�J/'�=P:(!�=�! ',2.9CE.9�M&E�=PX$8.9C)~	HXO3*!�=PWV[D-02�3CED-02�=P:�M*!.90'$8�=P.9,-(b/'G3La�3CE.9$'$8G`�=�NPK"=La.9&)*��]4f"%&)*!�MVa,2.9(K"%H�HX�3,-(g�=�3C)0'&#/'��}`0'&8�g"9.��>Cf? 0','&)La�3*!P+&)(!G`/'�>�b '&E�W"%�a.I� ³ �	R6�­ w.w9¯@�3(g/'�6�b '&)C5����&),��c&)Hw��Cf? 0','&)La�3*!P+&)(!Gc/'�c�["%&5���b #"%&b�f��.9*!G=�>/10JP+02/#�BQ	�Z,��&z@�3(g.90'(+*!�>CE�30'*�;#"9P���=.9�'(
�3(�CE�30'*��#�BA1&);'&)C)&)(!GMVYCE�=P�HI"%(!G3*+&F"%01A�.9*+�-"%,'&ED-02�=P:$8.MP!P!O=/'�3,-(
/'�=P�&),2/1&E�=�=P
/'�I*!GB4ý*K"9�3(+&E.9,�(+*!O=P4f"%&);'CE�=Pc�������	� 
a�BQ } "�C)0'H�&EO3*!�>PW? G=�! #"%$'$8�6"%&EP!G3HX�3,-(N/'�dCF"��W"=L	&)(!G>�3(�CE�`P+~1P+(!O3HX�`�=P+(b4ý*K"%,2�! 2�3HX�3,-(.90'La�3*+(WQ@�c�=Pc$' 2G3,2.9HXO3,2�=PN<�02P!D-0^? "%CE.9*!PcHI"9P!D-02G=P6$#"%*cCE���=.9,1h2,2�3HX�3,-(�(+*!.9$�&)H�$8.9*+(K"%,-(�/2"%,2PcCE�=P/1&EP+$8.MP+&)(+&54]P�P!�3H�&5���=.9,2/102�3(!�30'*!P���������
��	�U/'�3L	&E�3,',2�3,-(`"9�=�=�=P!P+&);'CE�=Pg"=La�=�c�=�=Pg�W"=L	&)(!G=P�$8.9C)~	HXO3*!�=PWQ�>.902PdP!.90'C)&)�M,2�3*!.9,2P`�=�3(>"9P+$8�=�3(`�:CF"
$#"%*+(+&E��®1Q ®��3(`"%0��! #"%$'&)(+*!�~w2Q

������������������� �>.9(+*!�N.9;1<+�=�3(+&548$'*+&),2�3&)$#"%Cq�=.9,2P+&EP+(!�d�`$'*!G=/1&)*!�d�3(Z&),-(!�3*+$'*1{3(!�3*�CE�=P[$'*!.9$'*+&EG3(!G=Pb.9,2/101�CF"%(!.9&)*!�=Pb/'�d*!G=P!.9,#"%(!�30'*!Pb/1&EG3CE�=�3(+*+&ED-02�=P�/'�g4].9*+HX�=PULM"%*+&EG=�=Pb/2"%,2PUCE�d/'.9HI"%&),2�>P!�3H�&5���3CF"9P!P+&ED-02�MVa�M? �=P+(�:/1&)*!�>CE.9*!P!D-02�`CF"�CE.9,'�M02�30'*d/@? .9,2/'�c*!�=P+(!�>;'&E�3,�$'C)02Pg$8�3(+&)(!�cD-02�`CE�=PN/1&)HX�3,2P+&E.9,2PN�W"%*K"9�3(!G3*+&EP+(+&ED-02�=P/107P+~1P+(!O3HX�MQ
�c�J,2.9H�;'*!�301A��M*!.90'$8�=PX(+*K"=LM"%&)C)CE�3,-(�P+0'*X�=�J(�~	$8�7/'�JH�&E�3*!.%�f*!G=P!.9,#"%(!�30'*!P�/'�J$#"%*XCE�JHX.9,2/'�­  . �'V  . 
S¯�V6�=�3*+(K"%&),2P�$#"%*��BA'�3H�$'CE�T$8.90'*�4f"%;'*+&ED-02�3*�/'�=P�/1&EP+$8.MP+&)(+&54]P��ªLa.	�W"%(+&E.9, &),2/102P+(+*+&E�3C)CE�­ w-£1V 
  V �M£S¯Z.90 /@? "%0'(+*!�=Pc$8.90'*>(!�=P+(!�3*6/'��,2.90'La�3C)CE�=P�"%$'$'*!.	�! 2�=P6�3, .9$'(+&ED-02�
D-0#"%,-(+&ED-02��­ ®1V  ¢  ¯�Q�ZC)02P+&E�30'*!P
G=D-0'&)$8�=P
"=La�=��CE�=P!D-02�3C)CE�=P:,2.902P
P!.9H�HX�=P:�3,T�=.9,-(K"9�3(XP!.9,-(:&)H�$'C)&ED-02G=�=P
/2"%,2P
/'�=P�(+ 2GB�HI"%(+&ED-02�=PNP!�3H�;'CF"%;'CE�=P`"%01A�,��9(+*!�=Pd"%0'(!.90'*d/10J�! #"9.MPdD-0#"%,-(+&ED-02�MV1$#"%*+H�&^�3C)CE�=PN�3&)(!.9,2Pg,2.9(K"%H�HX�3,-(�=�3C)CE�:/'�
�6Q[}c"%*K"=~-"%HI"�/2"%,2P>CE�:�=�3,-(+*!��RZ�N� "%0�¤-"%$8.9,^Vq�=�3C)CE�
/'���>Q ����Q��c&)H��XCf? 0','&)La�3*!P+&)(!G
/'��["%&5���b #"%&@�3,���.9*!G=�MV	�=�3C)CE�`/'��}:Q	�g"9.
�cCf? 0','&)La�3*!P+&)(!G>/'�c�b '&E�W"%�a.�� ³ �	R6�BVa�=�3C)CE�=P�/'�`��Q9}>�3,-(!P!�! 2�3C�3(�¤2QY©ª&E�3*!P+&)� �3,�R`C)CE�3HI"%�M,2�J�3(��=�3C)CE�=P
/'����QZ�b #"%,'���3(
/'���
QU�-(!.9,2�J��Cf? 0','&)La�3*!P+&)(!GJ/'�X¡�"%CE�� ³ �	R6��/'.9,-(dCE�=P>"%,2�3&E�3,2Pd/'.	�3(!.9*K"%,-(!P>R:Q'�Y.	.9,^VE}:Q'� �'*!�=�3&Y�3(d¤2Q2�>µ	�"!a�3C\.9,-(`�=P!PK"%&)HXGMQ



���������	��

���

� �����������������! "$# �&%'�&�)(�* �

+-,�.0/21436587:90,<;6=>.?9:587A@B,>CA369:58DE.?583214@B,>CF.G149H1I.?70=?9:5BC:7:5BJLKE,>CM;NKOC:PNC:70Q?RS,UTE;6,?36K65BCA@V1
WX14Y69:5B.G147:5BZID[;6,
@V1<.G1>\	5870=-]^KEC0JLK`_ a<C0,>C-3690ZI369:5B=?70=>Cb@V1IC0,?90CGcNde@f90,?3690,?DE;g@B,>Ch=?@B=?RS,?DL70CbJLK65iCG_ 1>\jQ?90,?DL7bDE=>.>,>C0CH145890,>CAa�@V1
.>ZIRk3690=?/E,?DEC:5BZIDl;6,>Cm.0/21436587:90,>CnC:K658\U14DL70CGc	+-,?9:7H1458DE,>Co32149:7:5B,>Cm70,?@8@B,>CoJLKE,h@V1pC:7:9:KE.?7:K690,A=?@B,>.?7:90ZID65BJLKE,
;NK
.>ZI@BZI9H14DL7q@V1IC0,?9GT49H1IC0C0,?R�Y6@B,?DL7m;6,>Cr58DNWsZI9:Rt147:5BZIDEC�90=>.>ZI@870=>,>Cq;E14DEC�;N58\j,?90Cm149:7:5B.?@B,>Cq,?7r90=>ZI9:uL14D65BC0=>,>C
14K670ZIK69M;6,p@V1<3690ZIY6@B=?Rt147:5BJLKE,�uU@BZIY214@B,Uc2vqDw90,?\U14DE.0/E,�;i_ 14K67:90,>CA32149:7:5B,>CM1>PL14DL7M7:9H14587M14Kw3690ZI70Z	.>ZI@B,
;6,<WX14Y69:5B.G147:5BZID�ZIK�ax@X_ =?7:KE;6,k;6,
@X_ ,zyi,?7{@V1IC0,?9pZIDL7pWX14587p@X_ ZIYN]:,?7{;i_ =?7:KE;6,>C<14363690Z4WsZIDE;N5B,>CGc`vqD),zyi,?7
@B,?K690CMC:3|=>.?5~}2.?5870=>CADEZIKECF1k58DE.?5870=>CFak@B,?K69F1I.>.>ZI90;6,?9MK6DE,<147:70,?DL7:5BZID[32149:7:5B.?K6@85BQ?90,
.G149M.>,?9:7H1458DE,>CM58DN�
WsZI9:Rt147:5BZIDEC-.?9:587:5BJLKE,>CoD`_ ,z�N5BC:70,?DL7o321IC-;E14DECm@V1p@8587:70=?9H147:K690,M,?7o@B,?K69-ZI9:58uU58D214@85870=A3690=>C0,?DL70,AK6Dt58DL70=?90�?7
C0.?5B,?DL7:5~}2JLKE,�a
32149:7A,?DL7:5BQ?90,Uc

+-,p.0/21436587:90,�;6,M3690=>C0,?DL7H147:5BZIDO,>C:7bZI9:uL14D65BC0=p,?Dg7:90ZI5BCh32149:7:5B,>CGcE��1<3690,?Rk5BQ?90,{;6=>.?9:587h@B,>Ch369:58DE.?5~�
3214@B,>C`.G149H1I.?70=?9:5BC:7:5BJLKE,>C�70,>.0/6D65BJLKE,>C`K67:58@85BC0=>,>C`@BZI90C`;6,>C`,z�N3|=?9:5B,?DE.>,>CGcGvq@8@B,qY690ZUC0C0,�K6D{9H14365B;6,q3|ZI9:7:9H14587
;6,>CM.G1>\	5870=>CGT|;6,�@B,?K690CM3690ZI369:5B=?70=>Cp.0/658Rk5BJLKE,>Cp14KN�&Y214DE.>CF;6,�70,>C:70CMZI367:5BJLKE,>CGcf��1t32149:7:5B,<C:K658\U14DL70,
;N90,>C0C0,pK6D&=?7H147M;6,p@X_ 149:7MC:K69h@X_ 14363690Z	.0/E,�7:/E=>ZI9:5BJLKE,�;6,{.>,{7eP	3|,{;6,{C:PNC:70Q?RS,{ZIK6\j,?9:7Gc2vq@8@B,�,z�N3|ZUC0,
@B,kRSZ	;6Q?@B,S90,?70,?DLK�,?7{@B,>C{RS=?7:/EZ	;6,>C�;6,SC:58R�K6@V147:5BZIDEC<DLK6RS=?9:5BJLKE,>C�K67:58@85BC0=>,>CGc`��1w;6,?9:D65BQ?90,S32149:7:5B,
,>C:7<.>ZIDECH1I.?90=>,xag@X_ ,zyi,?7<@V1IC0,?9Gc��MZIKEC<1>\jZIDEC
,>C0CH1>Pj=t;i_ P).>ZIDE.?58@85B,?9<@B,>C<=?7:KE;6,>C<C:7H14DE;E1490;�1>\j,>.t@B,>C
3690ZI369:5B=?70=>Cb32149:7:5B.?K6@85BQ?90,>CM;6,pDEZUChRk5B.?90Z4�X@V1IC0,?90CGc

�p�H� �l���r�m�p�^�f�
�MZUCSRk5B.?90Z4�X@V1IC0,?90CxC0ZIDL7x;6,>CtZIYN]:,?70CS3690,>C0JLKE,w36@V14DECGTm;6ZIDL7x@X_ =?32145BC0C0,?K69t90,>C:70,g58DNWs=?9:5B,?K690,[a��

Rk5B.?90ZID�3|ZIK69{;6,>C�;N58RS,?DEC:5BZIDEC{7:9H14DEC:\j,?90C0,>C�,?DL\	5890ZID��G�U�xWsZI5BCp36@8KEC{uU9H14DE;6,>CGc���1l90,>.0/E,?90.0/E,SWsZIDN�
;E14RS,?DL7H14@B,kC:K69F.>,<7eP	3|,<;6,
C:PNC:70Q?RS,>CMCG_ 58DEC0.?9:587p;N5890,>.?70,?RS,?DL7�;E14DECM@B,>CM7:/E=?Rt147:5BJLKE,>Cp;NK��`�-�M��T
DEZI7H14RkRS,?DL7k;E14DEC<@B,t.G1I;N90,x;6,t@B,?K690C
143636@85B.G147:5BZIDECk,?D�ZI367:5BJLKE,t58DL70=?uU90=>,[� �I�6Tr�U�4�ec��`,x.0/EZI5~��;6,
Rt1470=?9:5V14KN�gZI9:uL14D65BJLKE,>Cn3|,?9:RS,?7b;6,F.>ZIDE.?58@85B,?9h@B,FCH1>\jZI589^�sWX145890,{;6=?\j,?@BZI363|=p;E14DECn@B,MuU90ZIK63|,F,?7hZI9:58uU5~�
D2145890,�;NK�+-�Mvm���h14uUDE,?KN�O1>\j,>.<;6,>Cb3690ZI369:5B=?70=>CM36/LPNC:5BJLKE,>CMZI9:58uU58D214@B,>CA@85B=>,>CF14KN�gY21ICA58DE;N5B.>,>CM;6,
90=zW�9H1I.?7:5BZIDS,?7q;6,n.>,-WX14587�58D21I.>.>,>C0C:58Y6@B,>Cm14KN�
.>ZIRk3|ZUCH14DL70CmC0,?Rk5~�e.>ZIDE;NKE.?70,?K690CGc	+-,>Cq.G149H1I.?70=?9:5BC:7:5BJLKE,>C
58DL70=?90,>C0CH14DL70,>C�58DE.?5870,?DL7q;i_ 1458@8@B,?K690C�.>,?9:7H1458DECruU90ZIK63|,>C�ab;6=?\j,?@BZI363|,?9�K6DE,m70,>.0/6DEZI@BZIuU5B,n3|ZI@8P	RSQ?90,F �,?uEc
uU90ZIK63|,{;6,p¡AK65r+n1IZ6TE¢AD658\j,?90C:5870={;6,{�MZI9:7:/L£-,>C:70,?9:D`T2¢p¤	¥¦� §U§U��¨zc
�`,>C-369:58DE.?583214KN�g.0/EZI5~�l,?Dx70,?9:RS,>Ch;6,MRt1470=?9:5V14KN�iTN;6,M3690Z	.>=>;6=F;6,bWX14Y69:5B.G147:5BZIDw,?7n;6,MY214DE.F;6,MRS,z�
C:K690,>CGT2ZIDL7p=?70=<,zyi,>.?7:KE=>CM32149A@B,<;6Z	.?70ZI9H14DL7pJLK65rRw_ 1S3690=>.>=>;6=>,UT|�r14/2149p�n,?DO�O,>C0CH1IZIKE;��8�G�©�m1>\j,>.
@X_ 145B;6,k;NK[3|ZUC:7^�e;6Z	.?70ZI9H14DL7�ªp14D65B,?@q«�9:58uU/L7Gc`de@BCM90=?3|ZIDE;6,?DL7<atK6D)C0ZIKE.?5q;6,kC:58Rk36@85B.?5870=w ¬3|ZIRk3214uj,
,?7n=?Rk5BC0C:5BZIDg;E14DEC-@B,A\	5BC:58Y6@B,©¨mCG_ 143636K6PL14DL7bC:K69-@V1<CH14@8@B,AY6@V14DE.0/E,p;6=>;N5B=>,F,?7-@X_ ,z�N3|,?9:7:5BC0,M;6,F­AZI@8@V14DE;
¡A5B,?9:@B,4®©c
¯X°�±z² ² ³H´IµM¶r· ¸º¹X² ¸q¸^»�¼`¹X¸^½h¾4² ³H¿^À�¾I³0¹rÁz±z»s¸^¾4ÂpÃ	³HÄ©¼s¹XÄFµ©¸^¾4Ä4· »6Ås³H´GÆG· ¸º¹�ÇHÈzÈ?É>ÊI»sÄ4· ¼X¸mË-»s±z´pµ©À^¾I³0¹s¼`¸^´M¹X¸º¼s¹e³H· ¼X¸

�



���������	��
���
�����������
��������	����������� ����!�"#� �

 s1j¨

1.0

0.8

0.6

0.4

0.2

0.0

800700600500400300
Longueur d'onde (nm)

 Fluorescence
 Absorption

 ¬Yf¨
$&%('&)�* c8�,+.-0/21436587:9<;=58>#?@>BABCD1FE�GH/#IKJL>:9	MONP>2?DQ -@GSR	36NTJUMOVW36XZYT[6>0N<M(\�J�36V(X]MOV(5(587SRS\^7:90_�>05(58>�NP7P>05(58>H/
><M�?@>&`�;�36NP>SR	9S>0Xa9S>#YTN:36;Kb@>S\�9P36X]MOV(XL;@\�7:90_�>05(58>,Xa36N0c,-65 VdRe7P>H/^J�36;=Nf;=XU>gcBh0cB>g9P36;�90_�>i?@>^j 1k1�l
?m3SJL7P>nABCD1poiq2rs>0X#c,-tRSRe>u?DQ 7TJ�-6VdRSRe>0;=NfvmEdqxwyczR0;=Nx5{-6cB>^?@>x[6>0N0NP>eE

+-,?7:70,
32149:7:5B,S.>ZIDECH1I.?90=>,tat@V1l;6,>C0.?9:58367:5BZID�;6,>C{ZIK67:58@BC{,z�N3|=?9:58RS,?DL7H14KN�)C0,
.>ZIRk3|ZUC0,k;6,
7:90ZI5BCp321©�
9H14uU9H1436/E,>Ch90,?@V147:5~WsCb14KN�xRt1470=?9:5V14KN�iTE14Kl3690ZI70Z	.>ZI@B,p;6,MWX14Y69:5B.G147:5BZIDw,?7b14KN�l;N5BC:3|ZUC:587:5~WsCn;6,MRS,>C:K690,Uc
�rZIK69S.0/21I.?K6D ;i_ ,?KN��DEZIKECS1>\jZIDECk369:5BC
C0ZI58D�;6,xRS,?DL7:5BZID6DE,?9t.>,?9:7H1458DE,>Ct14@870,?9:D2147:58\j,>CS,?7S14RS=?@85BZ4�
9H147:5BZIDECGT�1>\j,>.t@B,tC0ZIKE.?5n;6,SDE,x;6=?7H1458@8@B,?9
JLKE,S@B,>C<=?@B=?RS,?DL70C
DE=>.>,>C0CH145890,>C
ag@V1&.>ZIRk3690=?/E,?DEC:5BZID�ZIK
58DL70,?9:\j,?D214DL7F;E14DECh@B,{.G1I;N90,{;6,p.>,?7:70,{=?7:KE;6,Uc
|~}H��}H� �z�a�K�L�@�T���y�

�`,>Ch.G1>\	5870=>ChC0ZIDL7h.>ZIDEC:7:587:KE=>,>Cb;i_ K6DE,FRt147:9:5B.>,M/L�I70,F321IC0C:58\j,F;6ZI3|=>,M32149nK6DlRt1470=?9:5V14K&1I.?7:5~W:T	@B,
70ZIK67AC:K69bK6D&C:K6363|ZI9:7h321IC0C:5~W:c6��1kRt147:9:5B.>,p/L�I70,�JLKE,FDEZIKECM1>\jZIDECb369:58DE.?583214@B,?RS,?DL7FK67:58@85BC0=>,{,>C:7bK6D
3|ZI@8P	RSQ?90,UT2@B,{3|ZI@8P	RS=?7:/21I.?9:P	@V1470,
;6,�RS=?7:/LP	@B,	�l ��m�O�O¥p¨n36@8KECF.>ZID6DLK�C0ZIKECA@B,{DEZIR!.>ZIRkRS,?90.?5V14@
;6,
�q@B,z�N58uU@V1ICGc�+-,
3|ZI@8P	RSQ?90,
7:90Q>CFK67:58@85BC0=k;E14DECF@X_ 58DE;NKEC:7:9:5B,UTi3690=>C0,?DL70,UTi,?DL7:90,t14K67:90,>CGTi;6,?KN��1>\U14DN�
7H14uj,>C<7:90Q>C�58Rk3|ZI9:7H14DL70C
3|ZIK69<@B,>C�Rk5B.?90Z4�X@V1IC0,?90CGc�ª
_ K6DE,t32149:7<58@n,>C:7�7:9H14DEC:321490,?DL7S14KN��@BZID6uUKE,?K690C
;i_ ZIDE;6,k;i_ 58DL70=?90�?7<.>ZIRkRS,
@X_ ZIDL7�.>ZIDN}E9:RS=S;6,>CFRS,>C:K690,>C{;i_ 14YEC0ZI9:367:5BZID)32149{C:3|,>.?7:90ZI36/EZI70ZIRS=?7:9:5B,Uc
vq7F;i_ 14K67:90,<32149:7F58@r3|,?K67F�?7:90,<7:9H1>\U1458@8@B=k143690Q>CMK6DE,
.?K65BC0C0ZID�atC0,?K6@B,?RS,?DL7k� * �K�G+MTf.>,
JLK65�3|,?9:RS,?7
;6,F3690=>C0,?9:\j,?9A@B,>Ch3690ZI369:5B=?70=>CA;NK&.>ZI@BZI9H14DL7A@V1IC0,?9Gc
�`,&.0/EZI5~� ;NK Rt1470=?9:5V14K�1I.?7:5~W�CG_ ,>C:7S3|ZI9:70=&C:K69t@B,&ª{+-�#�ITo.>ZI@BZI9H14DL7x@V1IC0,?9x;i_ KECH14uj,&.>ZIK69H14DL7w14K
@V14Y|ZI9H1470ZI5890,Uc-�[14@8uU90=wK6DE,w90,?@V147:58\j,wW�9H14uU58@85870=UTm58@M,>C:7SY65B,?D 1I;E143670=&3|ZIK69S@B,>CtRk5B.?90Z4�X@V1IC0,?90Cx.G149t58@
3690=>C0,?DL70,MK6Dx;6=>.G14@V14uj,F;6,p¤L70Z6�j,>C-58Rk3|ZI9:7H14DL7{ �,?DL\	5890ZID��G�U�{D6Rx¨m,?7-K6Dx90,?DE;6,?RS,?DL7hJLK214DL7:5BJLKE,F;6,
�EKEZI90,>C0.>,?DE.>,�=?@B,?\j=t T� �Nc �x� �U�6Ti�U� * ��¨zc

�`,>CF3690ZI369:5B=?70=>C{;i_ 14YEC0ZI9:367:5BZID�,?7p;i_ =?Rk5BC0C:5BZID�;NK�Rt1470=?9:5V14K)C0ZIDL7p90=>C:K6RS=>,>CpC:K69F@V1S}EuUK690, * c8�
 ¬Yf¨zc�vq@8@B,>CkZIDL7k=?70=lZIY670,?DLKE,>Ctaw32149:7:589k;i_ K6DE,g.>ZIKE.0/E,g;i_ =?32145BC0C0,?K69S�Nc �2wiR C:K69<@V14RS,l;6,x\j,?9:90,UT
90=G14@85BC0=>,
;E14DECF;6,>CF.>ZIDE;N587:5BZIDEC{C:7H14DE;E1490;� �.zW:c�� * c8�Uc * ¨zc|��1x.>ZIK69:Y|,
;i_ 14YEC0ZI9:367:5BZID�90,?3690=>C0,?DL70=>,k,?D
3|ZI58DL7:58@8@B=>CS\j,?9:70CS1[=?70=lRS,>C:K690=>,&1>\j,>.lK6D C:3|,>.?7:90ZI36/EZI70ZIRSQ?7:90,w@V14R�Y|;E1)�K�U�[�r,?9:�	58DE,?@8RS,?9Gcovq@8@B,
58DE;N5BJLKE,FDEZI7H14RkRS,?DL7AJLKE,M@B,M3|ZIRk3214uj,{af�K� * D6RwTNY65B,?DwJLKE,M36@8KECn369H147:5BJLKE,p,?Dl70,?9:RS,>Ch;6,pC0ZIK690.>,
,?7b;i_ ZI367:5BJLKE,>CGTED`_ ,>C:7h321ICh@B,p36@8KECb,0�t.G1I.>,Uc2�m_ ,z�N3|=?9:5B,?DE.>,<1<70ZIK670,zWsZI5BCbRSZIDL7:90=�JLK`_ 58@i3|,?9:RS,?7A;i_ 147^�
70,?58DE;N90,h@B,>CqC0,?K658@BCq@V1IC0,?90CmCH14DECm14KE.?K6DS3690ZIY6@BQ?RS,Uc	+-,?3|,?DE;E14DL7GTj3|ZIK69m.>,?9:7H1458DE,>Co,z�N3|=?9:5B,?DE.>,>Cm;i_ =>.?9:5~�
7:K690,-;E14DECr@B,mRt1470=?9:5V14Kw �.zW:cI14D6DE,z�6,��	¨zT©K6D<@V1IC0,?9�Y6@B,?Kk.>ZIDL7:58DLKSab§	�6�bD6R�CG_ ,>C:7�90=?\j=?@B=o36@8KECq1I;E143670=Uc
�0�d�����~���&�:�O� Ê4¾U±z· µ©»`½h±z² À^¿^Ä4² ³H· ¹X¸y�< <¡nÈzÈzÈ
¢0£ Ç:¤T£ Ç:¤T£ �S¤H¥Bµ©· ½h¸º¼XÂ	¦©² ³H½h· ´4±	§¬¾4Â4¸^´	¦©² ¨ ¸º¼XÂ4¸^´	¦©² ¨ ¤(©P¤V½h¸º¼XÂ	¦©² ¤d�z¶D¤V¾	¦G¹e³H´ª¤8�S¤8¦©² · µ©¸^´4¸�¨ ¤V¾©¹X±z¾I³H´4¸:µG· ´4· ¼s¹X· ² ¸zÊ �D«d¬:��«(­�®�¯:° Ê¾U±z· µ©»`½h±z² À^¿^Ä4² ³H· ¹X¸�±zÈ0±e²



���������	��
���
�����������
��������	����������� ����!�"#� �G�

�AK214DL7�at@V1x.>ZIK69:Y|,k;6,^�EKEZI90,>C0.>,?DE.>,UTi,?@8@B,S1x=?70=
ZIY670,?DLKE,S1>\j,>.kK6D[3|ZIRk3214uj,<32149p@V1IC0,?9p.>ZIDL7:58DLK
�M;�� �o¥���;6ZIK6Y6@B=<aB�K� * D6RwTf;E14DECAK6DE,�.>ZIDN}EuUK69H147:5BZID�;6,�;6=?70,>.?7:5BZID[C0,?R�Y6@V14Y6@B,
aS.>,?@8@B,{K67:58@85BC0=>,
3|ZIK69h@B,>ChRk5B.?90Z4�X@V1IC0,?90C��x �.zW:ca� * c8�Uc �j¨zc

�`,F.0/EZI5~�g;NKlRt1470=?9:5V14KwC:K6363|ZI9:7h,>C:7n;N5B.?70=F32149n@V1�DE=>.>,>C0C:5870=F;i_ K6Dg.>ZIDN}EDE,?RS,?DL7b\j,?9:7:5B.G14@��NC0ZID
58DE;N5B.>,�;6,p90=zW�9H1I.?7:5BZIDO;6ZI587A�?7:90,{58DNWs=?9:5B,?K69Fak.>,?@8K65�;6,{@V1k.>ZIKE.0/E,��m�O�O¥b�eª{+-� ;6,p@X_ ZI90;N90,�;6,t�Uc �
 �.zW:c�� * c * c8�k3|ZIK69{K6DE,k=?7:KE;6,k36@8KEC�;6=?7H1458@8@B=>,©¨zc`�`,SC:58@85B.?58K6RwT`C:K6363|ZI9:7{KEC:KE,?@XT|3690=>C0,?DL70,SK6D�58DE;N5B.>,
;6,f�Nc �ta	�U�U�SD6Rwcfde@`WX14K67F;6ZIDE.
1>\jZI589F90,>.>ZIK690CpakK6DE,<.>ZIKE.0/E,<58DL70,?9:RS=>;N5V145890,Uc`�r,?DE;E14DL7p@B,>CM;6,?KN�
3690,?Rk5BQ?90,>Ch14D6DE=>,>C-;6,bRt1{7:/EQ>C0,UTjDEZIKECn1>\jZIDEC-K67:58@85BC0=A;NKg¤�
��¦ ¬3|ZI@8P	RSQ?90,A.>ZIRkRS,?90.?5V14@XT	58DE;N5B.>,M;6,
90=zW�9H1I.?7:5BZID��Uc § * a
�U�U�SD6Rx¨zT|Rt1470=?9:5V14K[321IC0C:5~W:cf�qK65BCGTf58@q1x=?70=<90,?Rk36@V1I.>=<32149F@V1xC:58@85B.>,l ¬58DE;N5B.>,k;6,
90=zW�9H1I.?7:5BZID&�Uc §��pa��U�U�FD6Rx¨�@BZI90C0JLKE,n@B,b;N5BC:3|ZUC:587:5~W|;6,nRS,>C:K690,A1M3|,?9:Rk5BCm;i_ K67:58@85BC0,?9o;6,>Cm=>.0/214DL7:58@8@BZIDEC
,?DL7:5B,?90CA.G149b36@8KECh369H147:5BJLKE,pRt145BCb36@8KECb;N5 �t.?58@B,<a
.>ZIK63|,?9Gc

�`, �2,z�N58Y658@85870=M;6,bDEZI7:90,A3690Z	.>=>;6=M;6,bWX14Y69:5B.G147:5BZIDx3|,?9:RS,?7n;6,A@X_ 1I;E143670,?9ha{;N58\j,?90C-7eP	3|,>C-;6,ARt1©�
70=?9:5V14KN�k,?7�DEZIKECo1>\jZIDECq70,>C:70=nJLKE,?@BJLKE,>Co14@870,?9:D2147:58\j,>CA �.zW:cj14D6DE,z�6,nv-¨zcU��ZIK670,zWsZI5BCGTU3|ZIK69�@B,>C�7:9H1>\U14KN�
;6=>.?9:5870C<;E14DEC<.>,tRt14DLKEC0.?9:587GT�DEZIKEC�DEZIKEC<C0ZIRkRS,>C
.>ZIDL70,?DL70=>Ck;i_ K6DE,tC:7:9:KE.?7:K690,SWsZIDE.?7:5BZID6DE,?@8@B,l;6,
7eP	3|,p�m�O�O¥b�eª{+-� C:K69M¤�
��  �ZIK&C:58@85B.>,©¨zT6@B,F70ZIK67AC:K69bC:K6YEC:7:9H147A;6,pC:58@85B.?58K6Rwc
|~}H��}(| �B������������������������� �@��� �a�m���� 

�`,S3690ZI70Z	.>ZI@B,t;6,
WX14Y69:5B.G147:5BZID�,>C:7�;6=?7H1458@8@B=t;E14DEC�@X_ 14D6DE,z�6,tª
c`dº.?5mDEZIKEC{DEZIKEC
147:7H1I.0/E,?90ZIDECka
,?D�;6=>.?9:5890,k@B,>C{369:58DE.?583|,>CGc`de@o.>ZIDE;NK6587<ag;6,>C�.G1>\	5870=>C�;6,
WsZI9:RS,>C{,?7�;6,k7H1458@8@B,>C�;N58\j,?90C0,>CGTi@858Rk5870=>,>C
C0,?K6@B,?RS,?DL7l32149x@X_ 58Rt14uU58D2147:5BZID� �,?7x@V1)32147:5B,?DE.>,©¨t;NK ;6,>C0C:58D21470,?K69l;6,&Rt1IC0JLKE,� �.zW:cm}EuUK690, * c * ¨zc
�rZIK69M;6ZID6DE,?9AJLKE,?@BJLKE,>CbZI90;N90,>CA;6,FuU9H14DE;6,?K69A7eP	365BJLKE,>CGT6K6D&=>.0/214DL7:58@8@BZID[;6, * 3|ZIKE.>,>C� "!^�$#k.?RwT
.zW:cf}EuEc * c �) s1j¨:¨F.>ZIRk3|ZI9:70,t,?DL\	5890ZID * �U�g.G1>\	5870=>Cx V}EuEc * c �) ¬Yf¨:¨p,?7{3|,?K67��?7:90,
WX14Y69:5BJLKE=S,?D�;6,?KN�
;6,?Rk5~�8]:ZIK69:DE=>,>CGc�vqD).>ZIDE;N587:5BZID�;i_ K67:58@85BCH147:5BZID�C:7H14DE;E1490;iTiK6D�=>.0/214DL7:58@8@BZID�3690=>C0,?DL70,kK6DE,S;NK690=>,S;6,
\	5B,pC:K63|=?9:5B,?K690,�a
;6,?KN�&14DECGc

$&%('&) * c * +.j _ 3KMT3Pb6N:-SJ]_@VT>SRiJ�-6N#cfVW9<N:3tR	9P3SJL> 3SJUMOV"%<;L> ?@>#cfVW9<N:3'&�9P-6[eVOMH7SR -6;�(
)	36N0cB>SR#[t-6N0VT7P>SR+*
R<MT-m?@>S\�9P-6N0NP7S\ ?6VdR,%<;L>S\&9P-6N:?6VW3'-W?@>S\.%<;�-tR0V/&TR<MT-m?@>eE�AnV(cB>0X�R0VW36X#M10SJaV"%<;L>2*43mvmvxwycBE

�`,q3690Z	.>=>;6=m;6,�uU9H1>\	K690,o,>C:7`C0,?R�Y6@V14Y6@B,-an.>,?@8K65jK67:58@85BC0=�3|ZIK69`@B,>C`.>ZIRk3|ZUCH14DL70C�C0,?Rk5~�e.>ZIDE;NKE.?70,?K690CGc
�m_ 58DL70=?90�?7<;6,>CFRt1470=?9:5V14KN�)ZI9:uL14D65BJLKE,>Cp90=>C:5B;6,k;E14DECp@V1x36/21IC0,k;i_ =?@V14Y|ZI9H147:5BZID�;6,>Cp.>ZIKE.0/E,>CGc`¥A@BZI90C
JLKE,F@V1
.?90ZI5BC0CH14DE.>,{;6,p.>ZIKE.0/E,>Cb32149A=?36587H1©�N5B,pDE=>.>,>C0C:5870,p;6,>Ch58DEC:7H14@8@V147:5BZIDECA.>Z'5670,?KEC0,>CGT6@B,p;6=?3U�I7A;6,
C0ZI@8K67:5BZIDEC<ZI9:uL14D65BJLKE,>C<32149<.>,?DL7:9:5~W�K6uL147:5BZID  �C:3658DN�e.>Zj147:58D6u	¨�,>C:7
145BC0=t,?7�9H14365B;6,Ucr�`,t.>ZIRk3|ZUC0=t,>C:7
;N5BC0C0ZIK67n;E14DECnK6DlC0ZI@8\U14DL7n5B;6ZI58DE,UT	36K65BCn@B,MC:K6363|ZI9:7h,>C:7-90,>.>ZIK6\j,?9:7b;6,MJLKE,?@BJLKE,>C-ujZIK67:70,>Ch,?7nRk5BCn,?D
90ZI7H147:5BZID`TE7eP	365BJLKE,?RS,?DL7FakJLKE,?@BJLKE,>ChRk58@8@85B,?90CA;6,p70ZIK690Cb32149bRk58DLK670,{3|,?DE;E14DL7 * �
C0,>.>ZIDE;6,>CGT6uU976I.>,
a
K6D[1436321490,?58@rDEZIRkRS=	8z70ZIK69:DE,?7:70,�8Ic|��1SC0ZI@8K67:5BZIDOCG_ =?7H14@B,UTE@B,�C0ZI@8\U14DL7MCG_ =?\U143|ZI90,{,?7A@V1k.>ZIKE.0/E,<C0,
}Euj,Uc�vq@8@B,x;6ZI587<,?DEC:K65870,t�?7:90,t.?K65870,t3|ZIK69�;N5BC0C:583|,?9�@B,>C{90,>C:70,>C<;6,tC0ZI@8\U14DL7<,?7�3|,?9:RS,?7:7:90,S@V1g3|ZI@8PL�
9:ÃL¸-»s¾U¸^¿º¼s¹X¸-¿^±z½h¾4² ¸º¼�¸^»�¼m¿^±z½h¾U±z»sÀ-µ©¸-¾4² Ä4»s· ¸^Ä©¹X»�»s¾U¸^¿º¼s¹X¸^»|Å�Ä;:G¼e³H¾U±z»sÀ^»4<H¹�=H¿^¸hËb² ³?>~±z´4¿º¼X· ±z´
@e»�¼X¸^¾<³H´Iµ�<z² Ä4¸,@µ©ÄM² ±A<z· ¿^· ¸^²CBg· ´4»s¾U¸^¿0²IÃL¸^»6Å�±z´4¿º¼X· ±z´4»`¹X¸^»�¼X¸^´>¼`¾I³0¹">~±z· »�Ä4´M¾U¸^ÄMÆG· »s· D4² ¸^»�²



���������	��
���
�����������
��������	����������� ����!�"#� �U�

1 cm

a) b)

$&%('&)]* c �x+4-0/^j _ 3KMT3Pb6N:-SJ]_@VT>f?DQ ;=X 7:90_ -6X]MOV(5(5{36XF?@>��xJ�36;�9S>SRf-6[6>:9u;=XU>^9P36;�90_�>f?@>�j 1k1�l &WABCD1
?6V(NP>:9	MH>0cB>0X]M R0;=NuI]VTE��D>SRgV(N0VdR	-KMOVW36X�Rg><M R<MON0;�9	MO;=NP>SR�JaN:36[eVT>0XLXU>0X]M�?DQ ;=XU>fV(X�R<MT-@G0V(5 VOMH7,?@>g5{-29P36;�90_�>
Y�91)eEn-6XLXU>�(@>���/mExGH/��&;L>05 %<;L>SR4N:-6X=b@7P>SRF?@>49P-6[eVOMH7SR#[eVdR0;�-65 VdRe7P>SR4-6;�cfVW9<N:3tR	9P3SJL> 7058>:9	MON:36XLV"%<;L> o
G:-65{-'0m-eb@>#Y��D>SRgcfVW9<N:3tR	9P3SJL>SRi3SJUMOV"%<;L>SRi?6;F5{-@G:36N:-KMT36V(NP>Bcf;=XLVdRB?@>B9P-6cB70N:-2XU>�JL>0N0cB><MWMH>0X]MyJ�-tRi?@>
J]_ 3KMT3Pb6N:-SJ]_@VT>0Nx;=X#90_ -6c�J -6;@RSR0V�5{-6NWb@>eE /mE	�D>SRx9P-6[eVOMH7SR�R	36X]M >SRTJ�-m9S7P>SRu?DQ ;=X2cfV(5(5 V(c�
<MONP>x><M -65 V{b6XU7P>SR
R0;=V([t-6X]Mn58>0;=N )	36N0cB>eE��D>SR�N:-6X=b@7P>SR#?6; ?@>SRSR0;@Rk9P36X]MOVT>0XLXU>0X]M^?@>SRk?6VdR,%<;L>SRS\^9P-6N0NP7SR4><M�_�>�(m-ebm36XU>SRS\
9S>05(58>SRf?6;2?@>SRSR	36;@Ru?@>SRnR<MT-m?@>SR�
������nvmE/3ª\&vmE��k><M vmEdq@E

RS=?9:5BCH147:5BZID`c	�m_ =?32145BC0C0,?K69n,>C:7oRS,>C:K690=>,b32149oK6Dx3690Z4}E@BZIRSQ?7:90,��jcL�rZIK69-@V1{.>ZIDL7:9P�I@B,?9GT	@B,>Co32149H14RSQ?7:90,>C
,>C0C0,?DL7:5B,?@BCoC0ZIDL7o@V1F\	5870,>C0C0,h;6,b90ZI7H147:5BZID`Tj@V1F\	5BC0.>ZUC:5870=b,?7m@B,>Cm70,?DEC:5BZIDECoC:K63|,?9^}2.?5B,?@8@B,>CGcjªp14DECo.>,?9:7H1458DEC
.G1ICGT�58@b,>C:7kDE=>.>,>C0CH145890,g;i_ 1>\jZI589t90,>.>ZIK690CtaOK6D�3690ZIRSZI70,?K69x;i_ 1I;N/E=?90,?DE.>,&ZIK�K6DE,&1I.?7:58\U147:5BZID 32149
Y|ZIR�Y21490;6,?RS,?DL7M5BZID65BJLKE,Uc
��1).>ZIKE.0/E,O1I.?7:58\j,&;6,&�m�O�O¥b�eª{+-� ;6ZI587SRS,>C:K690,?9x,?DL7:90,[�Nc §�,?7x�Nc �4wiR 3|ZIK69tJLK`_ K6DE,&C0,?K6@B,
,z�6.?587H147:5BZID�\j,?9:7:5B.G14@B,S36K65BC0C0,S,z�N5BC:70,?9��Ic`de@m,>C:7{3|ZUC0C:58Y6@B,k;6,S.>ZIDL7:9P�I@B,?9
.>,?7:70,t=?32145BC0C0,?K69<1IC0C0,��
}EDE,z�
RS,?DL7Gc2�m_ /EZIRSZIuj=?DE=��s70=<,>C:7b;6,p@X_ ZI90;N90,{;6,^�U�
D6R a<@X_ =>.0/E,?@8@B,�;6,p@X_ =>.0/214DL7:58@8@BZID�,?7h90,>C:70,p58DNWs=?9:5B,?K690,
aO�G�SD6R�C:K69FK6DE,<RS�?RS,
.G1>\	5870=Uci�rZIK69p@V1x.>ZIKE.0/E,k;6,
.>ZIDN}EDE,?RS,?DL7{58DNWs=?9:5B,?K690,w X¤�
��¦ZIK�C:58@85B.>,©¨zT
;6,>CbC:58R�K6@V147:5BZIDECAZIDL7bRSZIDL7:90={JLK`_ K6DE,{=?32145BC0C0,?K69b;6, * wiR ,>C:7hC:K �tCH14DL70,p3|ZIK69b=?\	5870,?9b@V1�W�K65870,p;NK
RSZ	;6,-\j,?90Cr@B,nC:58@85B.?58K6R ;NK
C:K6YEC:7:9H147GcIvq@8@B,>CqZIDL7q=?70=n.>ZIDN}E9:RS=>,>Cq32149q;6,>Cr70,>C:70C�,z�N3|=?9:58RS,?DL7H14KN�S1>\j,>.
;6,>Cn=?32145BC0C0,?K690Cn;N5~yi=?90,?DL70,>CGc6vqDg,>C0CH1>PL14DL7h;i_ 14K6uURS,?DL70,?9b@X_ =?32145BC0C0,?K69h;6,p¤�
��
TN;6,>C-58DEC:7H14Y658@85870=>Ch;6,
.>ZIKE.0/E,>CMZIDL7A=?70={ZIYEC0,?9:\j=>,>CGcf+-,>C�]:ZI@85B,>CbC:7:9:KE.?7:K690,>CMC0ZIDL7b3690=>C0,?DL70=>,>CA,?DO14D6DE,z�6,��nc6��1<}EuUK690, * c �
 s1j¨-RSZIDL7:90,pK6DO14K67:90,{,z�6,?Rk36@B,{;i_ 58DEC:7H14Y658@85870=Uc

��1g36/21IC0,t;6,SuU9H1>\	K690,S90,?3|ZUC0,tC:K69{@B,>C�RS�?RS,>C�3690Z	.>=>;6=>C�JLKE,t.>,?KN��,?Rk36@BZGPj=>C<3|ZIK69{@B,>C�Rt1©�
70=?9:5V14KN�)C0,?Rk5~�e.>ZIDE;NKE.?70,?K690CGcrvq@8@B,t,>C:7�.>,?3|,?DE;E14DL7<.>ZIDEC:5B;6=?9H14Y6@B,?RS,?DL7
36@8KEC�.>ZIK69:70,S321490.>,SJLKE,k@B,>C
.G1>\	5870=>CoC0ZIDL7-.>ZIDEC:7:587:KE=>,>C-;i_ K6DE,bC0,?K6@B,A.>ZIKE.0/E,UcL��1F}EuUK690, * c §�,?DS58@8@8KEC:7:90,b@B,>Co=?7H143|,>Cq58Rk3|ZI9:7H14DL70,>CGc
�`,>C-.G1>\	5870=>CnC0ZIDL7o90,?3690Z	;NK65870,>Chap32149:7:589n;i_ K6DxRt1IC0JLKE,A.>ZIDEC:7:587:KE=M;i_ K6DE,ARt147:9:5B.>,M;6,AJLK2149:7��M7:9H14DEC^�
321490,?DL70,S14KN�&K6@87:9H1©�X\	5BZI@B,?70C{,?7F;6,<32149:7:5B,>CpZI321IJLKE,>Cp,?D[.0/690ZIRS,kJLK65q.>ZI9:90,>C:3|ZIDE;6,?DL7�14KN�O.G1>\	5870=>CGc
�`,<;6,>C0C:58D[;NKORt1IC0JLKE,<,>C:7F,zyi,>.?7:KE=k1>\j,>.<@B,�@BZIuU5B.?5B,?@�«�1>\j,?Rt1t�j,?9{,?7M@V1kWX14Y69:5B.G147:5BZID[90=G14@85BC0=>,<32149
@X_ ,?DL7:90,?369:5BC0,��q/EZI7:90ZID65B.>CF1>\j,>.{K6DE,p3690=>.?5BC:5BZID&90,?\j,?DE;N5BJLKE=>,�;6,��Nc * �fwiRwc6¥AK&.>ZIK690CA;6,pRt1
7:/EQ>C0,UT
]>_ 145i;6,>C0C:58DE=p,?7hK67:58@85BC0=p,>C0C0,?DL7:5B,?@8@B,?RS,?DL7M;6,?KN�lRt1IC0JLKE,>CGT	@X_ K6Dw.>ZIDECH1I.?90=�14KgC:7H1I;6,p,?7h@X_ 14K67:90,�a<;6,>C

�^ÃL¸A¾©¹X· ´4¿^· ¾U¸Aµ! Ä4´k¾©¹X±#"I² ±z½%$º¼s¹X¸b¹X¸^¾U±z»s¸A»sÄ©¹nÄ4´4¸b¾U±z· ´>¼X¸�&>Ä4·f»s¸Mµ©À^¾4² ³H¿^¸MËp² ³{»sÄ©¹">8³H¿^¸Fµ©¸b²� À^¿eÂI³H´>¼X· ² ² ±z´@²('©³¾U±z»s· ¼X· ±z´FÆ?¸º¹s¼X· ¿:³H² ¸m· ´Iµ©· &>Ä4¸�²� À^¾I³H· »s»s¸^Ä©¹r² ±>¿:³H² ¸0²
)+*r´4¸�¸ :©¿^· ¼e³0¼X· ±z´FÆ?¸º¹s¼X· ¿:³H² ¸m¸^´M¾U±z² ³0¹X· »X³0¼X· ±z´-,	.t¸º¼�Ä4´4¸q³HÄ©¼s¹X¸�¸^´F¾U±z² ³0¹X· »X³0¼X· ±z´�,0/ ¥8¿ >(²4¾I³0¹s¼X· ¸oÇ	² Ç	² 1P§



���������	��
���
�����������
��������	����������� ����!�"#� � *

Resine

Silice

Silicium

Masque

Photolithographie RIE
PMMA−DCM

Une cavite
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32149b9H14363|ZI9:7Ma<K6DE,{C0ZI@8K67:5BZIDw@85BJLK65B;6,k� �4§2TL�K�4�ec
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Rt147:9:5B.>,p3|ZI@8P	RSQ?90,UT`c8c8c
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CH147:5BZID&;NKlWX145BC0.>,G14K&;6,F3|ZIRk3|,pZIK&,?Dw@V1<90,?DE;E14DL7M.?5890.?K6@V145890,Uc
ªF,kRS�?RS,UT`@V1l@8K6Rk5BQ?90,x=?Rk5BC0,k32149{@B,>C�.G1>\	5870=>C�DE,k3690=>C0,?DL70,t321IC{K6DE,k3|ZI@V149:5BCH147:5BZID�Y65B,?D�;6=z}ED65B,UT
Rt145BCn36@8K67P�I7bK6DlRS=?@V14D6uj,{�hv �4�h� .>ZIRkRS,p@B,MRSZIDL7:90,p@V1�}EuUK690, * c * �S ¬Yf¨zc6�rZIK69h90=G14@85BC0,?9b.>,F70,>C:7GT
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 Expériences
 Simulations en rayons
 Modèle de lentille
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,.- /1032547698:/<;>=?65@BAC656D=?EGFH;3IJ8:/K0L/12DMD=?ION>P N>PRQTSU8:/K0L/12DMD=?IJ=RVW/1XT=RFL/1=R25IO;>AYFCEGVYZ325IO;[- EGFC;3IO\W]+^#_Y`ba@7EG2D25I76D0cEGFC;+/1A>de0cIB2DM5I76W;3If8:/�25g765EGFL/1FC@7ITPh,i/1FC6W8?Ij@k/G6W;>A+;>=?65lmACIj;>=?gB8?I7@BMD2D=?lmACITSJFCEGAC6n/18R8?EGFC6VoEGFmMD25IB29@7EGVpVoIBFmM925IBMD25EGA3qrIB298b- Isd>0325I7656D=?EGFutwvCPRQUxTyc0cEGA32zai{O0L/12DMD=R29;3I'8:/K@7EGFC65IB2DqT/1MD=?EGFH;>AY@7EGA32|/1FmMIBFmMD25I}8?I~0cEGA32DM5EGA32K;3I~8:/Y@k/7q�=RM5g}IBMhA3F�;>=?65lmACIK�L@BMD=��#{�8b- =RF>�CF3=bPC�hIBMDM5I}VogBMD�CE�;3I�65IB2|/iA3MD=R8R=?65g7I}0cEGA328?IY@k/18?@BA38#;3I76}0cIB2DM5I76};>A�;>=?65lmACIH@7EGA30cgH{o8:/p0L/12DMD=?I.�>P N>P N>P�,�IY8b- g7lmAL/1MD=?EGF�;3IH�}IB8RVp�CEG8RMD�HqrgB2D=��Lg7I0L/12<A3FCIi@7IB2DM|/1=RFCIi��EGFC@BMD=?EGFj;[- EGFC;3Ii�}SCEGFf;3gB2D=RqrI�8b- Isd>0325I7656D=?EGFf;>Aj@7EGA32|/1FmMH�
��]+�z�T��\>�O�+��\3�k���U�3�3�j� �i� �k�C�o]��3�z�w�O�m�1�O�h���O�7�m�U�K���L 

EG¡�¢£I76DMK8:/.6DA32¤�b/G@7IiIBF3XT8?EGZL/1FmM~8?I�qrEG8RA3VoIH¥�IBM~¦nI76DMK8:/.@7EGVp0cET6|/1FmM5IiFCEG2DVW/18?IY{.@7IBMDM5I�6DA32¤�b/G@7ITP
§ A>¨W6|/1VpVoIBFmM�8?EG=RF�;3IH8:/u@k/7q�=RM5gTScEGF�0cIBA3M�A3MD=R8R=?65IB2�8?IH;3gBqrIB8?EG030cIBVoIBFmMH/G6D©�Vp03M5EGMD=?lmACI.;3I76}��EGFC@sªMD=?EGFC6<;3I���/1F3«rIB8bPC¬­/H��EGFC@BMD=?EGFj;[- EGFC;3I�6k- g7@B2D=RM}/18?EG256

�e]�® ¯°<±7²?³T´ ± ²Rµs¶· \�¸EG¡n¹­º�I76DM»A3Fu;3gB03�L/G6|/1XrI}@7EGFC6DM|/1FmMh=RFC;3gB0cIBFC;C/1FmMK;3I<¸3P�¼~Fu@5�CIB25@5�CIi{�@k/18?@BA38?IB2h�O� ¶ � � �n� � � ¶ �}P½ 8b- EG25;>25I};3EGVp=RFL/1FmMkS>@7I<M5IB2DVoIHtw8?I~@7EGA32|/1FmMsyJI76DMJ;[- EG25;>25I}¾YIBFWacSm;3EGFC@~EGFW0cIBA3Mh6DA3030cET65IB2O\o]+^9P¬»- =RFmM5gBXT2|/18?IH@7EGFC;>A3=RM}{ ��]��}¿1`B� Àrºo� � ]��}¿1` � �º �w�[^�ÁY�Â �º �w^�ÁY�JÃ t ½ PRQUyÄ AL/1FmM�/1Af@7EGA32|/1FmM�{H8:/p6DA32¤�b/G@7Ii;>Aj;>=?65lmACITS>=R8­6k- g7@B2D=RM
��]+�z�T��\>�O�+��\3�k���U�3� �¤ÅÆ �ÈÇÆ � �rº.�w�­\�¸m�7� �B¸T�3¸T�L¹

¬zIKM5IB2DVoI~\ � ����\ � � � =RFmMD25E�;>A3=RM»ao{}8b- EG25;>25IYÉTST;3EGFC@<0cEGA32'25I76DM5IB2h{�@7IBMJEG25;>25ITSmEGFo@7EGFC6D=?;34B25I}\oÊ+^@7EGVpVoI�/12DXTA3VoIBFmMo;3IW8:/���EGFC@BMD=?EGFÈ;3IuËOI76565IB8bP9¬»- =RFmM5gBXT2|/18?I�6DA32H¸�65IW@k/18?@BA38?IuXT2|ÌG@7I�{f8b- =?;3IBFmMD=RM5g6DA3=RqT/1FmM5I � ¶�Í �rº.� Í � � � Í ] ¸ � ��Î �¯ �rº.�w¸m� � _ ¸ �¯ �[Ïº �w¸m� �¬­/Y@7EGFC6DM|/1FmM5I�IBFn¾YqT/1A3M ºOÐ� �rº.�Ñ¾m� � PmÒ'8R8?I�I76DMh;3EGFC@~FmA38R8?I�lmACIB8clmACI~65EG=RMhÎ�PmÒ'FC6DA3=RM5I}EGFn6D=RVp038R=��LI8b- Isd>0325I7656D=?EGFfXT2|ÌG@7IY{H8b- g7lmAL/1MD=?EGFj6DA3=RqT/1FmM5I�lmA3=z25IB8R=?I�^�{W� Ï IBM��e��z�s^��7Ái�U� Ïº �w�[^�ÁY���~]Ó�wÎf�h��^��7Ái�k�5�rº.�w�[^�ÁY���
QkNrx
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¬­/u��EG2DVYA38?Io;3I���25IB=RF�25IB8R=?Ip8?I76�;3IBFC6D=RM5g76Y;[- gBM|/1M56Y;[- A3F�6D©>6DM54BVoIo/7qrI7@p0cIB2DMDA32DZL/1MD=?EGF�À��
	.��{@7IB8R8?I�;>A�V��BVoI�6D©>6DM54BVoI�FCEGFf0cIB2DMDA32DZcg�À Æ �
	.�hq�=:/H8:/HVW/1MD2D=?@7IY;3Ii;>=
�cAC6D=?EGF�¢�� �����J�
À��
	.�#��À Æ �
	.�»] É¯ ` ° ���	���� �����c¢ tÑË�PRQUy

§ /�qT/18R=?;>=RM5gi/YgBM5g�;3gBVoEGFmMD25g7Ii;C/1FC6h8?I�@k/G6OEG¡u8:/�0cIB2DMDA32DZL/1MD=?EGFf;3g7@B25E��?MK6DA>¨W6|/1VpVoIBFmMKq�=RM5I�{�8b- =RF>ª�CF3=�� NTN�� P1,i/1FC6#8?IO@k/G6#;3IhFCET6#25g765EGFL/1M5IBA3256»;>=?gB8?I7@BMD2D=?lmACI76kS18:/}6D=RMDAL/1MD=?EGFpFCEGF.0cIB2DMDA32DZcg7IO@7EG2D25I76D0cEGFC;/1A�038:/1F�q�=?;3IiIBMK8:/H0cIB2DMDA32DZL/1MD=?EGF�{Y8b- /! DEGA3M~;3I�8:/.@k/7q�=RM5gTPC¬­/H0cIB2DMDA32DZL/1MD=?EGFf25I76DM5I�Z3=?IBFf8?E�@k/18R=?65g7ITP
"}EGAC69/18R8?EGFC69@k/18?@BA38?IB296DAC@7@7I7656D=RqrIBVoIBFmM98?I76zMD25EG=?6­XT2|/1FC;3IBA32569lmA3=m=RFmM5IB2Dq�=?IBF3FCIBFmM';C/1FC6z8:/O��EG2DVYA38?ItÑË�PRQUy'0cEGA32h8?I}@k/G6O;>AuZL/12D25Ik/1A�;>=?gB8?I7@BMD2D=?lmACI�/1FmMD=?6D©�VogBMD2D=?lmACI.�m8:/Y;3IBFC6D=RM5g�;[- gBM|/1M56hFCEGFu0cIB2DMDA32DZcg7ItwZL/12D25Ik/1A�q�=?;3IUysS�8:/u;3IBFC6D=RM5g.;[- gBM|/1Mi0cIB2DMDA32DZcg7I�twZL/12D25Ik/1A�038?IB=RF�y}IBM�8:/WVW/1MD2D=?@7Ip;3I.;>=
�cAC6D=?EGFzPc¬zI76FCEGM|/1MD=?EGFC6u65EGFmMn@7IB8R8?I76u;3I76p�CXTA325I76WvCP vCP#"}EGAC6WqrIB2D25EGFC6ulmACIf8:/���EG2DVYA38?I�;3I$��25IB=RF+I76DM&%('*),+�-/.0)qrgB2D=��Lg7ITP

13254(47682:9<;>=*?@6
¬­/H��EG2DVoIi;3I@Ao�w^CBDaC�hI76DM

Ao�w^CBDaC��] DFE*G � ��\�^[� ¾&He^$Hea] I ±7²RµKJ aLHe^
EG¡$M�IBMND 65EGFmM~;3I76<@7EGFC6DM|/1FmM5I76}@7EGVp038?Isd3I76}{p;3gBM5IB2DVp=RFCIB2~XT2|ÌG@7IY/1A>df@7EGFC;>=RMD=?EGFC6};3Ii@7EGFmMD=RFmA3=RM5g6DA3=RqT/1FmM5I76

Ao�w^�] ¾OBDaC��] ¾ tÑË�P Nry
Ao�w^�]+a�P8BDaC��] Ao�w^�]+a�QRBDaC���3^ Ao�w^�]+a P BDaC��] ��3^ Ao�w^�]+a Q BDaC�9� É�hIilmA3=­@7EGFC;>A3=RM}{

Ao�w^CBDaC�»]�� É¯ `�\ � ± ²Rµ!S T Q J!U � ± ²Rµ!S T P J!U � ¾&He^$Hea� ± ²Rµ!S J Q T/U � ± ²Rµ!S J P T/U � aLHe^
QkN�V
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À Æ ��\C�J]�� É° ��
Æ�� V Ao�w^CBD^[���3^�] M¯ \ °EG¡&M+I76DM#038RAC6#XT2|/1FC;olmACI�
�IBM';3IBq�2|/1=RM'M5IBFC;>25IKqrIB256#8b- =RF>�CF3=bPm�hIBMDM5I<Isd>0325I7656D=?EGFpI76DM#Z3=?IBFo@7EGF>��EG2DVoI{H8:/.8?EG=z;3I���IB©�8R� NT��� P
13254(47682:9 ?@=����*6�����47=�� 9@6
�hEGVpVoIY{H8:/H0L/12DMD=?IivCPRQTP N>S3FCEGAC6~/18R8?EGFC6<;>=?6DMD=RF3XTACIB2~;3IBA>d�@k/G6<6DA3=RqT/1FmM<lmACI�8:/HqT/12D=:/1Z38?Ii8R=RZ325Iiau65IMD25EGA3qrIY{H8b- =RFmM5gB2D=?IBA32�EGAj{.8b- Isd>M5gB2D=?IBA32~;>AfZL/12D25Ik/1AzP
�������! "�$#¬zI~032D=RFC@B=R0cI�;>A�@k/18?@BA38z/YgBM5g~VoIBFmMD=?EGF3FCg�{�8:/Y0L/12DMD=?I~vCPRQTP N>P>¬»- =RFmM5gBXT2|/18?I�;3I~8:/i��EGFC@BMD=?EGF�;3I&%}25I7IBFqT/1A3M�� ��'Æ Ao�w^CBD^[���3^�] 
¯ `b�­\ ÉK��¸ ± � ²)(Gµ 'Éh_�¸ ± � ²)(Gµ '@7IilmA3=­@7EGFC;>A3=RM}{H8:/p;3IBFC6D=RM5g�;[- gBM|/1M56

À ²)(+* �
	.�J]�� É° ��'Æ,� VLAo�w^CBD^[���3^�] 
¯ �­\ ° ÉK��¸ �� Éh_�¸ ± � ²)(Gµ ' � �
#��� ,i/1FC6<@7I�@k/G6kS>=R8c�b/1A3M<25IB0325IBFC;>25Ii8?I�@k/18?@BA38­;3Ii8:/Y��EGFC@BMD=?EGFj;3I-%}25I7IBFzP

Ao�w^CBDaC��] M E*G � �w�­\�^[� ¾&He^$H.
] D ±7²RµKJ _ I ± P ²RµKJ 
 He^$Hea] / ±7²RµKJ aLHe^
¬zI76<@7EGFC;>=RMD=?EGFC6};3Ii@7EGFmMD=RFmA3=RM5gY0cEGA32<8:/Y��EGFC@BMD=?EGFj;3I-%}25I7IBFf65EGFmM<8?I76<6DA3=RqT/1FmM5I76

Ao�w^�] ¾OBDaC��] ¾
Ao�w^�]0
 P BDaC��] Ao�w^�]0
 Q BDaC���3^ Ao�w^�]0
5P8BDaC��] ��3^ Ao�w^�]0
 Q#BDaC�Ao�w^�]+a�P8BDaC��] Ao�w^�]+a�Q#BDaC���3^ Ao�w^�]+a P BDaC��] ��3^ Ao�w^�]+a Q BDaC�9� É½ 0325476KA3Ff0cIBAf;[- /18RXr4BZ325ITS

Ao�w^CBD^[�»] É¯ `�\ �¤Éh_ É¢ ± � ²RµKJ �EG¡�¢ÈI76DMK8:/HVW/1MD2D=?@7IY;3Ii;>=
�cAC6D=?EGFj;3gs�CF3=?I  ¤AC6DM5I�/10325476kP ½ 8b- EG25;>25I�;3EGVp=RFL/1FmM}IBF�É	�G\cS
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É¯ ` ° � ��� ¢��	 ] É
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XY

Laser
de pompe

L2

Po λ 2

L1

Pd

SR

Mesureur de puissance

M

CCD

OM

D

Echantillon
Cale
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ªU�z¥F�U�����W�> I°z­Q =¬�¬=�2 I¥0¨2�.�U�p�I¥U�u·. I�T°z�p�2�g���=�T�9��°W�z�[¨2�U�\¦�¨2�D¥W¶ �z¥F�a�z�®�pªU�T�I�z°z�z¥U¥G�>¨2ªU���R¶ �mÌF­Q =�U�pªa =�
ÃI�2�FªU�L¥F =¬=¬=�g�p¡a�p�.�G�>¨2ªU��½ � -7Õ\Õ � Á7�=�p�\�>�.�¢�9��°W�>¡a�pªG� /�� ­Q =�U�?¹]­Q¨g¥W¦$�=¤z¥¢·. I�v�9�T¬�­Q¡v¬��a�z¥F�d¬�­QªF�U�z�
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The far-field emission of two-dimensional stadium-shaped microlasers is investigated.
Stadium-shaped microcavities based on a laser dye embedded in a polymer matrix have been
elaborated. Such stadium-shaped microresonators, made by lithography and reactive ion etching
have displayed quality factors greater than 6000 and a high output power. The highly directional
far-field pattern of the emitted beam �full width at half maximum �15°� reflects the symmetries of
the stadium shape. © 2006 American Institute of Physics. �DOI: 10.1063/1.2159099�
For more than a decade two-dimensional �2D� mi-
croresonators have been broadly studied both for fundamen-
tal physics and for applications towards integrated optics.
Different shapes of microresonators have been investigated
such as disks,1–4 rings,5 spirals,6–8 polygons,9 asymmetric
resonant cavities,10 stadiums,10–13 quasistadiums,11 and oth-
ers. In that perspective, different technological avenues have
been implemented. Two major families can be singled out:
inorganic semiconductors6,11,12 and organic materials.7,10,14

Inorganic semiconductors present the advantages of electri-
cal injection and of a well known, controlled, however, dif-
ficult multistep technology. Even though the electrical injec-
tion has not been achieved so far in organic materials, the
potential low cost and simplicity of this technology are at-
tractive features for future applications. Moreover, most of
polymer have a lower refractive index than classical semi-
conductors �n�1.5 vs n�3�, which may lead to different
physical behaviors, light being then subject to less restricted
out-coupling conditions.

The study of the 2D confinement of light is a key pre-
requisite towards microlasers applications. Whereby micro-
disks have focused a lot of attentions. Due to the symmetry,
the light is highly confined in the microresonator by total
internal reflection, entailing potentially very high quality fac-
tor. However, microdisks present a low output power and no
emission directionality.1–4 Therefore, deformed disk such as
asymetric disks14 or spirals6,10 have been proposed in order
to enhance both output power and emission directionality. In
this framework, stadium-shaped microresonators appear as
relevant candidates.10

In this letter, we focus on 2D stadium-shaped microlas-
ers. A stadium is composed of two half circles �with radius r�
and a rectangle �with length L�, with a global form factor
defined as F=L /2r �Fig. 1�. Stadium-shaped lasers studied
here are organic components to be optically pumped. Their
quality factor is greater than 6000 and the laser emission is
highly directional.

The organic “guest-host” material used is composed of
poly�methylmethacrylate� �PMMA� for the passive host and

a�
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of 4-dicyanomethylene-2-methyl-6-�4-dimethylaminostyryl�-
4H-pyran �DCM� for the active guest. DCM is a laser dye
whith a fluorescence spectrum centered around 600 nm. Be-
sides relatively low cost availability, the main assets of DCM
are a good fluorescence quantum yield and large Stokes shift
��100 nm� which prevents from reabsorption of the emitted
light.15 The PMMA-DCM suspension is fabricated by adding
5% in weight of DCM in PMMA which is in solution in
anisol �6% in weight�. The active layer of PMMA-DCM is
obtained by spin coating the solution over spin on glass lay-
ers deposited on a Si substrate. The active layer is then cov-
ered with a photoresist polymer which is UV exposed
through an optical mask. A final step of reactive ion etching
leads to stadium-shaped microcavities with length varying
between 50 and 100 �m �Fig. 2�. Atomic force microscopy
measurements performed throughout a wafer reveal an ho-
mogeneous thickness �±10 nm�. This average thickness can
be monitored between 400 and 800 nm. Effective refractive
index calculations show that only one vertical electrical
mode is excited for a thickness between 0.2 and 0.8 �m.

FIG. 1. Optical microscope image of a stadium-shaped microlaser made by

photolithography of a PMMA-DCM layer.

© 2006 American Institute of Physics8-1
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Thus allowing to consider these microcavities as 2D
resonators.

Figure 1 is an optical microscope image of a stadium-
shaped microcavity fabricated by this method. One can ob-
serve that the process leads to straight sides which accounts
for the high quality factors �Q� of these microresonators. The
cavity is shaped by the PMMA host whereas the dye imparts
the active properties. The experimental setup is displayed in
Fig. 3�a�. Stadium-shaped microlasers are optically pumped
at 532 nm in a direction perpendicular to the stadium plane,
the whole cavity beeing uniformally illuminated by the pump
spot �in air at room temperature�. The pump-laser setup is
composed of an extracavity doubled Nd:yttrium-aluminum
-garnet laser with a repetition rate of 10 Hz and a pulse
duration of about 10 ps. The energy per pulse after attenua-
tion is typically 6 �J. The emitted light coming out of the
cavity is then collected in the stadium plane and spectrally
analyzed with a 500 mm focal spectrometer �Acton-research
2500i� containing a 1200 lines/mm grating blazed at
500 nm. The light detection is achieved with a multichannel
detector �Andor CCD-DV420-BU�. The expected spectral
resolution of the setup is of the order of 0.1 nm.

The emitted light intensity in function of the pump
power is displayed in Fig. 3�b�. One can observe a typical
threshold behavior. The threshold is estimated at
100 pJ/�m2. A typical fingertipped stadium-shaped microla-

FIG. 2. Diagram of the photolithography process.

FIG. 3. �a� Experimental setup; 2D PMMA-DCM stadium-shaped microla-
ser; �b� threshold curve; �c� typical far-field spectrum in the stadium plane
just above the laser threshold �F=4, r=12.5 �m, exposure time=3 s�; and

�d� zoom in the far-field spectrum displayed in �c�.
Downloaded 27 Feb 2006 to 138.231.97.147. Redistribution subject to
ser spectrum is displayed in Fig. 3�c� and 3�d�. One can
observe a line spectrum with an envelope centered around
610 nm. This spectrum has been performed just above lasing
threshold. The high intensity �signal to noise ratio �1500�
reflects the high efficiency of these microlasers. Figure 3�d�
presents a zoom of the previous spectrum. The full width at
half maximum �FWHM� of each fingertip is estimated to
0.1 nm which is close to the resolution of the spectrometer.
In theory, the quality factor �Q=� /��� should be measured
in an empty cavity, but in practice results are very similar.5

The Q factor of these microcavities is then of the order of
6000 or over, which is remarkably high for a polymer based
microresonator,2,5,14,16 reflecting the relevance of our
fabrication process.

2D stadium-shaped cavities are considered to be fully
chaotic,17,18 meaning that no stable orbit exists in the cavity.
In spite of that, these PMMA-DCM stadium-shaped micro-
cavites appear to be “well-behaved” lasers �high efficiency,
clear laser threshold�. Some calculations on the optical
modes living in the cavity are under progress in order to
explore which modes contribute to the laser emission.

Moreover the directions of emission have been also stud-
ied. The sample is fixed on a rotating mount. Far-field spec-
tra are performed over 360° by 2° steps. For each angle the
intensity of the whole spectrum is summed. The intensity of
the laser emission in function of the angle is displayed in
Fig. 4. The 0° line corresponds to the larger axis of the sta-
dium. The emission presents a high directionality along four
directions. The angle of emission is around 30° and the emis-
sion directions are symmetrical about the 0° and 90° axis
according to the obvious symmetries of the stadium shape. In
Fig. 4�b�, the FWHM of the emission peaks are of the order
of 15° which evidences the high directionality of these
stadium-shaped microlasers.1,6,7,10–12,14 One can note that the
intensity of the peak at 35° is three times greater than the
intensity of the three other peaks. The acquisition in function
of angle starts at the 35° peak. The intensities of the three

FIG. 4. Far-field emission in the plane of a 2D PMMA-DCM stadium-
shaped microlaser in function of the angle just above the laser threshold
�F=0.8, r=30 �m, exposure time=1 s�: �a� in polar coordinates, �b� in lin-
ear coordinates.
other peaks are weaker due to photobleaching of the DCM
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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molecules, which limits the life time of the microlasers. Nev-
ertheless it is long enough to endure at least 2000 pulses
above the laser threshold allowing present measurements.
Longer experiments could be performed under nitrogen flow,
which is known to enhance the life time of the laser dye.

In conclusion, we have shown results on stadium-shaped
polymer microlasers. The polymer technology used here
leads to high efficient microlasers and resonator quality fac-
tors greater than 6000. Stadium-shaped microlasers present a
high directionality with a FWHM of only 15 degree in the
far-field pattern. Studies of the different properties of the
emission in function of the form factor are under progress. In
order to extend the microlaser life time, studies of different
active media are also under progress. Finally, although
stadium-shaped resonators are fully chaotic, these microcavi-
ties appear to be well-behaved lasers. Calculations are under
progress to get insight into the coherence properties of these
cavities.

The authors are grateful to D. Wright and A. Vella for
support in the optical setup and to E. Bogomolny and C.
Schmit for helpful discussions. “Laboratoire de Photonique
Quantique et Moléculaire” is a “Unité mixte de recherche
associée au CNRS” �UMR8537�. “Laboratoire de Physique
Théorique et Modèles Statistiques” is a “Unité mixte de
recherche associée au CNRS” �UMR8626�.
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The far-field emission of two-dimensional stadium-shaped dielectric cavities is investigated. Microlasers
with such shape present a highly directional emission. We provide experimental evidence of the dependence of
the emission directionality on the shape of the stadium, in good agreement with ray numerical simulations. We
develop an analytical geometrical optics model which permits to account for the main observed features. Wave
numerical calculations confirm the results.
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The field of quantum chaos has widely broadened over
the past two decades �1�. Generally, it relates the quantum
behavior of a broad diversity of systems with their classical
features. In this context, lossless billiards are models of great
interest, providing a broad variety of dynamical systems by
changing the shape of the boundary. Moreover, they are ac-
cessible to experimental studies �2,3�. At the same time, the
influence of loss or noise on open quantum systems is also
being investigated �4�, with emphasis on the behavior of
open quantum systems with chaotic classical dynamics
�5–7�. Flat microlasers exhibiting different boundary shapes
are relevant examples of open billiards with a coherent out-
put coupling �8–10�.

Here we focus on polymer microlasers with a Bunimovich
stadium shape. Such billiard is the archetype of chaotic sys-
tems �11�. Stadium billiards are made up of a rectangle of
length 2l between two half-circles of diameter 2r, accounted
as the form ratio l /r �see Fig. 1�. Though all periodic orbits
are unstable �except bouncing ball orbits which are neutral�,
dielectric microcavities with this shape are well-behaved la-
sers with highly directional emission in the far-field pattern
�12�. Aside from quantum chaos studies, such microresona-
tors are also being considered for applications in integrated
optics and biological sensors �13�.

This paper is devoted to the investigation of the relation
between the directional emission and the form ratio as a way
to infer general behavior for such dynamical systems. First
we present experimental results and show a good agreement
with ray numerical simulations. Then we develop a simple
ray model which permits to describe analytically the main
observed features. All these results are finally confirmed by
electromagnetic numerical calculations.

The microlaser cavities are etched in a thin layer of a
passive polymer matrix �PMMA: polymethylmethacrylate�,
doped with a guest laser dye �DCM: 4-dicyanomethylene-2-
methyl-6-�4-dimethylaminostyryl�-4H-pyran�. Our versatile
fabrication process ensures broad variations in size
�r=10 �m to 50 �m�, shape �l /r=0 to l /r=5�, and thick-
ness �between 0.4 �m and 0.7 �m to avoid vertical multi-

mode behavior� with quality factor Q greater than 6000 �12�.
The microlasers are pumped uniformly from above at
532 nm with a frequency doubled picosecond Nd:YAG laser
and emit from their sides at ��600 nm. Such 2D dielectric
billiards present an effective refractive index n of 1.5 and are
operating in the semiclassical regime �r /� varying typically
from 20 up to 100�. The emitted light is collected in the far
field and coupled to a multichannel detector via a spectrom-
eter. A typical experimental spectrum is shown in Fig. 2 �b�.
The sample is fixed on a rotating mount and the intensity
emitted in a given direction is obtained by summing over all
pixels of the spectrum. Far-field spectra are generated over
360° by 5° steps with the aperture angle of about 15°.

*Electronic address: lebental@lpqm.ens-cachan.fr
†Deceased.
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FIG. 1. �a� Optical microscope image of a stadium-shaped mi-
crolaser with l /r=1 and r=30 �m. �b� Notations. l is the half-
length of the rectangle and r� the radius of the half-circles. s is the
curvilinear coordinate along the boundary, �� the incident angle,
and �� the outgoing angle measured from the main axis of the
stadium.
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The intensity of the laser emission versus the � angle �see
Fig. 1 �b� for notations� is displayed in Fig. 2 �a�. The emis-
sion exhibits high directionality along four directions, sym-
metrical with respect to the 0° and 90° axis, according to the
obvious symmetries of the stadium. The direction of maxi-
mal emission depends on the l /r form ratio. Experimental
results are summarized in Fig. 3 for form ratios ranging from
l /r=0.5 to l /r=3. They represent an optimum for reproduc-
ibility according to our 5° precision interval.

Even if stadium-shaped billiards are fully chaotic systems,
these microlasers experimentally evidence a highly direc-
tional emission pattern in the far field. The direction of maxi-
mal emission depends on the l /r form ratio and a variation of
more than 30° has been measured between l /r=0.5 and
l /r=3 �Fig. 3� which can be of great interest for applications
in integrated optics.

To account for these experimental results, we first perform
the usual ray numerical simulations consisting of probing a
large number of randomly defined rays ��107� with starting
points and initial directions uniformly distributed over the
entire phase space. Each ray propagates along a straight line

and is totally reflected at the boundary until the incident
angle � becomes smaller than the critical angle,
�c=arcsin�1/n�, thus allowing the ray to escape by refraction
�16�. The stadium-shaped billiard is fully chaotic, so almost
each ray escapes after propagating over a finite distance.
Typical histograms of the outgoing angles are plotted in
Fig. 4. To remove the background, only those rays which
propagate over more than a finite threshold distance �twice
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FIG. 2. �a� Experimental far-field emission in the plane of a 2D
stadium-shaped microlaser as a function of the polar angle for l /r
=0.5 �solid line� and l /r=1 �dashed line�. �b� Experimental far-field
spectrum for l /r=2 and r=17.5 �m.
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FIG. 4. Histograms of outgoing angles obtained by ray numeri-
cal simulations with threshold equal to twice the billiard perimeter
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line�. Pictures normalized to unit maximum. Inset: The same for
l /r=0.5 but without cutoff.
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the billiard perimeter in Fig. 4� are taken into account. His-
tograms are indented by peaks which reveal the structure of
underlying unstable manifolds �10,14�. A histogram is calcu-
lated for each form ratio value and the position of its maxi-
mum is plotted versus l /r in Fig. 3 �solid lines�. The plot is
in excellent agreement with real experimental results as seen
from Fig. 3.

For some l /r values ray simulations reveal the existence
of a few peaks with comparable amplitudes �cf. Fig. 4�. The
dotted line branch in Fig. 3 indicates the most prominent
satellite peak. Nevertheless dominant experiment contribu-
tion is assumed to correspond to the upper branch because its
associated intensity �integral below the peak� is larger than
the other one �cf. solid line curve in Fig. 4�.

To explain the main features of experiments and ray simu-
lations, we develop a simple model based on geometrical
optics. To minimize refraction loss, rays propagating near the
boundary are privileged. So we focus on rays which, after
being totally reflected on the left half-circle, come to bounce
on the right one �see Fig. 1�. Long-lived trajectories can be
characterized by their density on the Poincaré surface of sec-
tion with coordinates s and sin �. Our main assumption is
that this density is uniform in the allowed part of phase space

P�s,sin �� � ���

2
r − �s�	���sin �� − 1/n� , �1�

where ��x� is the Heaviside step function.
Long-lived trajectories in open chaotic systems are con-

centrated near unstable manifolds of confined periodic orbits
�6,14�. So the true density is a fractal whose correct determi-
nation requires the knowledge of a large number of periodic
orbits. However, finite experimental resolution and quantum
effects will smooth out small details, making our assumption
�1� quite natural at first approximation. Below we show that
it leads to simple analytical formulas in good agreement with
direct ray simulations.

Let us consider point sources on the left half-circle emit-
ting light according to Eq. �1�. Among these, some rays es-
cape by refraction on the right half-circle and one can deduce
the histogram of outgoing angles. The dependence of the
histogram maximum on l /r reproduces well experiments and
ray simulations, validating the assumptions. As the resulting
curves are closed to the lens model predictions �see below�
we did not present them.

To further simplify this approach, we consider the right
half-circle as an ideal lens. In this approximation all rays
emitted from a point source are focused exactly as rays close
to the line connecting the source and the center of the right
half-circle �i.e., spherical aberrations are ignored�. So the di-
rection of emission � corresponds mainly to this line and can
be calculated analytically from purely geometrical consider-
ations. It depends on the emission angle � and on the number
�m� of rebounds on straight boundaries �m�0 �m�0� means
first bounce on the upper �lower� straight boundary�:

���� = 
arcsin
m

�m2 + �l/r�2
+ arcsin

sin �

2�m2 + �l/r�2
 .

This line exists provided x1�sin ��x2 where x1=1/n and
x2=2l /�4l2+ �2m+1�2r2. Formally the channel with given m

is open when x1�x2 or l /r� �2m+1� /2�n2−1 but it may
exist for smaller l /r as well. For a given l /r, the mean emis-

sion angle, �̃, is deduced by averaging over the above inter-
val

�̃ =
1

x2 − x1
�

x1

x2

����d�sin �� . �2�

Within the lens model the emission intensity is proportional
to the angle with which the right half-circle is visible from a
source point. Direct geometrical calculations show that the
dominant contribution for l /r�3.5 corresponds to the m=0
channel. The channel with m=−1 has smaller but compa-
rable intensity. Considering experimental precision, other
channels can be ignored but they are visible in ray simula-
tions �cf. a small peak around 30° in the histogram for
l /r=2.5 in Fig. 4�. The directional emission predictions for
channels with m=0 and m=−1 are indicated by dashed lines
in Fig. 3. The excellent agreement between these curves,
experiments, and direct ray simulations confirms that the as-
sumption �1� is relevant to interpret analytically the emission
of the stadium-shaped cavity in the geometrical optics re-
gime.

For completeness we perform also numerical calculations
in the wave domain. In the simplest approximation, the elec-
tromagnetic field is evolving in a passive cavity with a de-
fined polarization. In this case, the electric field �TM polar-
ization� or its magnetic counterpart �TE polarization� is
represented by a scalar wave function 	 obeying the two-
dimensional Helmholtz equation ��
+ni,e

2 k2� 	=0 with re-
fractive index ni=n inside and ne=1 outside the cavity� with
specific boundary conditions �see, e.g. �13��. To find eigen-
values 
km� and eigenfunctions 
	m� of quasistationary states
we use the standard boundary element method �15�. In this
approach the wave functions inside and outside the cavity
	i,e are expressed in terms of single layer potentials �i,e:

	i,e�r�� = � ds �i,e�s�H0
�1��kni,e�r� − r�s�� , �3�

where s is the curvilinear coordinate along the boundary.
Here H0

�1� is the Hankel function of the first kind. The choice
of this Hankel function outside the cavity is dictated by out-
going conditions to infinity

	e�r,�� �
r→� eikr

�kr
f��� �4�

and inside the cavity by stability of the numerical algorithm.
Following natural filtering by the lasing effect, only

modes with small losses are considered, i.e., modes with an
imaginary part of the wave number close to zero. Most of the
well-confined wave functions present a clear directional
emission in the far-field pattern, even for low �kr� �see
Fig. 5 �b��. Then it is possible to find positions of directional
dominant peaks for each l /r and different eigenvalues which
are plotted in Fig. 3 �inset�. Each point at fixed l /r corre-
sponds to the averaging of maximal emission angles over a
representative set of well-confined eigenfunctions. The error
bars correspond to the mean standard deviation. As was pre-
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dicted, dominant emission direction corresponds to m=0 and
−1 channels of the lens model. Notice that channels with
m=1 and −2 are also well visible.

So good agreement between geometrical and wave optics
does not usually appear for closed chaotic systems. The

emission directions of these quantum dielectric billiards be-
have largely as if they were classical ones, governed by geo-
metrical optics rules. However, there is no loss of coherence
as in open systems generally studied in the field of decoher-
ence �4�: Experimental spectra present clear peaks �see
Fig. 2 �b�� and no noise is introduced to couple light with the
outside of the cavity.

The lens model shows that it is mostly connected with the
existence of only a small number of well defined open emis-
sion channels. Under higher precision calculations and ex-
periments, each channel should split into many narrow peaks
and quantum phenomena should be more important.

Such conclusions are, strictly speaking, applicable only
for passive cavities. True lasing modes in active cavities cor-
respond usually to a complex superposition of many cavity
modes. Nevertheless in �10� it was demonstrated that within
the Schrödinger-Bloch model dominant lasing modes for the
stadium cavity with l /r=6/7 are mostly made up of low-loss
passive cavity modes and each of these modes emit in ap-
proximately the same direction. Our lens model provides a
simple geometrical explanation of this phenomenon. It is
then quite natural to assume that the emission directions in
active stadium cavities with different factor ratio are also
close to predictions of passive cavities which explains the
good agreement of experimental results in Fig. 3 with geo-
metrical optics.

In summary, we have presented experimental results
about directional emission of stadium-shaped microlasers of
different aspects and demonstrate that their behavior is well
accounted for by simple geometrical optics approaches. We
develop a lens model which predicts analytically the main
features of directional emission. Moreover, we point out that
well-confined wave functions show good agreement with
these classical predictions while coherent properties are not
destroyed.

These types of predictions seem to be applicable to a
more general class of chaotic dielectric billiards. Experi-
ments and calculations are thus under progress to explore
other microcavity shapes such as cut disks and cardioids.

The authors are grateful to R. Hierle, D. Wright, and S.
Brasselet for experimental and technological support and to
O. Bohigas and C.T. Nguyen for helpful discussions.
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Dielectric microcavities are widely used as laser resonators and characterizations of their spectra are of
interest for various applications. We experimentally investigate microlasers of simple shapes �Fabry-Perot,
square, pentagon, and disk�. Their lasing spectra consist mainly of almost equidistant peaks and the distance
between peaks reveals the length of a quantized periodic orbit. To measure this length with a good precision,
it is necessary to take into account different sources of refractive index dispersion. Our experimental and
numerical results agree with the superscar model describing the formation of long-lived states in polygonal
cavities. The limitations of the two-dimensional approximation are briefly discussed in connection with
microdisks.
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I. INTRODUCTION

Two-dimensional microresonators and microlasers are be-
ing developed as building blocks for optical telecommunica-
tions �1,2�. Furthermore, they are of interest as sensors for
chemical or biological applications �2–4� as well as billiard
toy models for quantum chaos �5,6�. Towards fundamental
and applied considerations, their spectrum is one of the main
features. It was used, for instance, to experimentally recover
some information about the refractive index �7� or geometri-
cal parameters �8�.

In this paper we focus on cavities much larger than the
wavelength and propose to account for spectra in terms of
periodic orbit families. Cavities of the simplest and most
currently used shapes were investigated: the Fabry-Perot
resonator, polygonal cavities such as square and pentagon,
and circular cavities.

Our experiments are based on quasi-two-dimensional or-
ganic microlasers �9�. The relatively straightforward fabrica-
tion process ensures good quality and reproducibility as well
as versatility in shapes and sizes �see Fig. 1�. The experimen-
tal and theoretical approaches developed in this paper can be
easily extended to more complicated boundary shapes.
Moreover, this method is useful towards other kinds of mi-
croresonators, as it depends only on cavity shape and refrac-
tive index.

The paper is organized as follows. In Sec. II a description
of the two-dimensional model is provided together with its
advantages and limitations. In Sec. III microlasers in the
form of a long stripe are investigated as Fabry-Perot resona-
tors to test the method and evaluate its experimental preci-
sion. This protocol is then further applied to polygonal cavi-
ties. In Sec. IV the case of square cavities is discussed
whereas in Sec. V dielectric pentagonal cavities are investi-
gated. The theoretical predictions based on a superscar
model are compared to experiments as well as numerical

simulations and a good agreement is found. Finally, in Sec.
VI the case of several coexisting orbits is briefly dealt with
on the example of circular cavities.

II. PRELIMINARIES

Dielectric microcavities are quasi-two-dimensional ob-
jects whose thickness is of the order of the wavelength but

*Electronic address: lebental@lpqm.ens-cachan.fr
†Deceased.

FIG. 1. �Color online� Optical microscope photographs of some
organic microlasers: stripe �partial view, used as Fabry-Perot reso-
nator�, square, pentagon, disk, quasistadium, and cardioid. Typical
dimension: 100 �m.
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with much bigger plane dimensions �see Fig. 1�. Although
such cavities have been investigated for a long time both
with and without lasing, their theoretical description is not
quite satisfactory. In particular, the authors are not aware of
true three-dimensional studies of high-excited electromag-
netic fields even for passive cavities. Usually one uses a
two-dimensional approximation but its validity is not under
control.

Within such approximation fields inside the cavity and
close to its two-dimensional boundary are treated differently.
In the bulk, one considers electromagnetic fields as propagat-
ing inside an infinite dielectric slab �gain layer� with refrac-
tive index ngl surrounded by medias with refractive indices
n1 and n2 smaller than ngl. In our experiments, the gain layer
is made of a polymer �PMMA� doped with a laser dye
�DCM� and sandwiched between the air and a polymer
�SOG� layer �see Fig. 2�a� and �9��. It is well known �see,
e.g., �10� or �11�� that in such geometry there exist a finite
number of propagating modes confined inside the slab by
total internal reflection. The allowed values of transverse
momentum inside the slab, q, are determined from the stan-
dard relation

e2ihqr1r2 = 1, �1�

where h is the slab thickness and r1,2 are the Fresnel reflec-
tion coefficients on the two horizontal interfaces. For total
internal reflection

ri = exp�− 2i�i� , �2�

where

�i = arctan��i

�ngl
2 sin2 � − ni

2

ngl cos �
� . �3�

Here � is the angle between the direction of wave propaga-
tion inside the slab and the normal to the interface. The �i
parameter is 1 �respectively �ngl /ni�2� when the magnetic
field �respectively the electric field� is perpendicular to the
slab plane. The first and second cases correspond respec-
tively to TE and TM polarizations.

Denoting the longitudinal momentum, p=nglk sin �, as
p=nef fk, the effective refractive index nef f is determined
from the following dispersion relation:

2�
h

�
�ngl

2 − nef f
2 = arctan��1

�nef f
2 − n1

2

�ngl
2 − nef f

2 �
+ arctan��2

�nef f
2 − n2

2

�ngl
2 − nef f

2 � + l�, l � N .

�4�

This equation has only a finite number of propagating solu-
tions which can easily be obtained numerically. Figure 3 pre-
sents possible propagating modes for our experimental set-
ting n1=1 �air�, n2=1.42 �SOG� �12�, and ngl=1.54 deduced
from ellipsometric measurements �see Fig. 2�b�� in the ob-
servation range.

The Maxwell equations for waves propagating inside the
slab are thus reduced to the two-dimensional scalar Helm-
holtz equation:

�� + nef f
2 k2��in�x,y� = 0. �5�

� represents the field perpendicular to the slab, i.e., the elec-
tric field for TM and the magnetic field for TE polarization
�13�.

This equation adequately describes the wave propagation
inside the cavity. But when one of these propagating modes
hits the cavity boundary, it can partially escape from the

(a)(a)(a)(a)

(b)(b)(b)(b)

1111

glglglgl

2222

pq
n

n

n

1.571.571.571.57

1.561.561.561.56

1.551.551.551.55

1.541.541.541.54

1.531.531.531.53

nnnn g
lglglgl

0.800.800.800.800.700.700.700.700.600.600.600.600.500.500.500.50
Wavelength (µm)Wavelength (µm)Wavelength (µm)Wavelength (µm)

FIG. 2. �Color online� �a� Notations for refractive indexes and
propagation wave numbers. From top to bottom, the layers of our
samples �9� are the air �n1=1�, a polymer �PMMA� doped with a
laser dye �DCM� �ngl=1.54�, and another polymer �SOG�
�n2=1.42� or silica �n2=1.45�. �b� Refractive index of the gain layer
vs the wavelength inferred from ellipsometric measurements.

FIG. 3. �Color online� Effective refractive index vs the thickness
over wavelength variable calculated from Eq. �4�. The refractive
indices are assumed to be constant: 1 for air, 1.42 for SOG, and
1.54 for the gain layer �horizontal black lines�. The TE polarization
is plotted with solid blue lines and TM polarization with dotted red
lines. Integer l �see Eq. �4�� increases from left to right starting from
l=0.
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cavity and partially be reflected inside it. To describe cor-
rectly different components of electromagnetic fields near
the boundary, the full solution of the three-dimensional vec-
torial Maxwell equations is required, which to the authors
knowledge has not yet been addressed in this context. Even
the much simpler case of scalar scattering by a half plane
plate with a small but finite thickness is reduced only to
numerical solution of the Wiener-Hopf-type equation �14�.

To avoid these complications, one usually considers that
the fields can be separated into TE and TM polarization and
obey the scalar Helmholtz equations �5�,

�� + nin,out
2 k2��in,out�x,y� = 0, �6�

where nin is the nef f effective index inferred from Eq. �4� and
nout is the refractive index of the surrounding media, usually
air so nout=1. This system of two-dimensional equations is
closed by imposing the following boundary conditions:

��in�B = ��out�B, �in	 ��in

�	�
	

B

= �out	 ��out

�	�
	

B

. �7�

Here 	� indicates the direction normal to the boundary and �
depends on the polarization. When the electric �respectively
magnetic� field is perpendicular to the cavity plane, called
TM polarization �respectively TE polarization�, �in,out=1 �re-
spectively �in,out=1/nin,out

2 �. Notice that these definitions of �
are not the same for horizontal and vertical interfaces.

We consider this standard two-dimensional approach
keeping in mind that waves propagating close to the bound-
ary �whispering gallery modes� may deviate significantly
from two-dimensional predictions. In particular leakage
through the third dimension could modify the lifetime esti-
mation of quasistationary states.

Our polymer cavities are doped with a laser dye and uni-
formly pumped one by one from above �9�, so that the pump-
ing process induces no mode selection. The complete de-
scription of such lasing cavities requires the solution of the
nonlinear Maxwell-Bloch equations �see, e.g., �15–17� and
references therein�. For clarity, we accept here a simplified
point of view �see, e.g., �1�, Sec. 24� according to which true
lasing modes can be represented as a linear combination of
the passive modes which may lase �i.e., for which gain ex-
ceeds losses�,

�lasing = 

m

Cm�m. �8�

From physical considerations, it is natural to consider the �m
modes as the quasistationary states of the passive cavity.
Though this choice leads to well-known difficulties �see,
e.g., �1�� it is widely noticed and accepted at least for modes
with small losses �cf. �16–18��.

For each individual lasing mode, the Cm coefficients could
be determined only after the solution of the full Maxwell-
Bloch equations. But due to the statistical nature of fluores-
cence the lasing effect starts randomly and independently
during each pump pulse. So it is quite natural to average over
many pump pulses. Then the mean spectrum exhibits peaks
at frequencies of all possible lasing modes. The experimental

data studied in this paper are recorded after integration over
30 pump pulses and agree with this simple statistical model.
More refined verifications are in progress.

III. FABRY-PEROT RESONATOR

The Fabry-Perot configuration is useful for the calibration
control of further spectral experiments due to the nonam-
biguous single periodic orbit family which sustains the laser
effect.

A long stripe can be considered to a good approximation
as a Fabry-Perot resonator. In fact, the pumping area is very
small compared to the length �see Fig. 4�a�� and the material
is slightly absorbing, so that reflections at far extremities can
be neglected. Moreover, the pumping area is larger than the
width of the stripe, thus the gain is uniformly distributed
over the section. For a Fabry-Perot cavity, the emission is
expected along both �=0 and �=� directions �see Fig. 4�a�
for notations�. Figure 4�b� shows that this directional emis-
sion is observed experimentally which confirms the validity
of our setup.

The experimental spectrum averaged over 30 pump pulses
is made up of almost regularly spaced peaks �see Fig. 5�a��
which is typically expected for a Fabry-Perot resonator. In
fact, due to coherent effects, the k wave numbers of quasi-
bound states of a passive Fabry-Perot cavity are determined
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FIG. 4. �Color online� �a� Diagram summarizing the main fea-
tures of the Fabry-Perot experiment. �b� Detected intensity vs �
angle for a Fabry-Perot experiment.
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from the quantization condition along the only periodic orbit
of L=2W length as for Eq. �1�:

r2eiLknef f�k� = 1, �9�

where r is the Fresnel reflection coefficient and nef f is the
effective refractive index �4�. The solutions of this equation
are complex numbers: the imaginary part corresponds to the
width of the resonance and the real part �called km after-
wards� gives the position of a peak in the spectrum and veri-
fies

Lkmnef f�km� = 2�m, m � N . �10�

With �km=km+1−km assumed to be small, the distance be-
tween adjacent peaks is constrained by

�km�nef f�km� + km
�nef f

�k
�km��L = 2� . �11�

We call

nfull = nef f�km� + km
�nef f

�k
�km� �12�

the full effective refractive index. It is a sum over two terms:
one corresponding to the phase velocity, nef f�km�, and the

other one to the group velocity, km
�nef f

�k �km�. If nfull is consid-
ered as a constant over the observation range, which is true
with a good accuracy, �k can be retrieved from the experi-
mental spectrum. For instance, the Fourier transform of the
spectrum �intensity vs k� is made up of regularly spaced
peaks �Fig. 5�b� inset�, with the first one �indicated with an
arrow� centered at the optical length �Lnfull� and the others at
its harmonics. So the geometrical length of the periodic orbit
can be experimentally inferred from the knowledge of nfull
which is independently determined as described below. For
the Fabry-Perot resonator, the geometrical length is known to
be 2W, thus allowing us to check the experimental precision.
The relative statistical errors on the W width is estimated to
be less than 3%. The error bars in Fig. 5�b� are related to the
first peak width of the Fourier transform and are less than 5%
of the optical length.

The full effective refractive index nfull is independently
inferred from ellipsometric measurement �Fig. 2�b�� and
standard effective index derivation described in the previous
section. Depending on the parameter h /� �thickness over
wavelength�, one or several modes are allowed to propagate.
Our samples are designed such as only one TE and TM
modes exist with nef f effective refractive index according to
Eq. �4�.

In Fig. 3 the refractive index of the gain layer, ngl, is
assumed to be constant: ngl=1.54 in the middle of the experi-
mental window, � varying from 0.58 to 0.65 �m. From Eq.
�4� a nef f =1.50 is obtained in the observation range with a
h=0.6-�m thickness, and corresponds to the phase velocity
term. The group velocity term km

�nef f

�k �km� is made up of two
dispersion contributions: one from the effective index �about
4%� and the other from the gain medium �about 7%�. The
dependance of ngl with the wavelength is determined with
the GES 5 SOPRA ellipsometer from a regression with the
WINELLI II software �correlation coefficient: 0.9988� and plot-
ted in Fig. 2�b�. Taking into account all contributions �that
means calculating the effective refractive index with a dis-
persed ngl�, the nfull full effective refractive index is evalu-
ated to be 1.645±0.008 in the observation range. So the
group velocity term made up of the two types of refractive
index dispersion contribute for 10% to the full effective in-
dex, which is significant compared to our experimental pre-
cision. The nfull index depends only smoothly on polarization
�TE or TM�, and on the h thickness, which is measured with
a surface profilometer Veeco �Dektak3ST�. Thus the samples
are designed with thickness 0.6 �m and the precision is re-
ported on the full effective index which is assumed to be
1.64 with a relative precision of about 1% throughout this
work.
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FIG. 5. �Color online� �a� Experimental spectrum of a Fabry-
Perot resonator with W=150 �m. �b� Optical length vs Fabry-Perot
width W. The experiments �red points� are linearly fitted by the
solid red line. The dashed blue line corresponds to the theoretical
prediction without any adjusted parameter. Inset: Normalized Fou-
rier transform of the spectrum in �a� expressed as intensity vs wave
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Considering all of these parameters, we obtain a satisfac-
tory agreement between measured and calculated optical
lengths, which further improves when taking into account
several Fabry-Perot cavities with different widths as shown
on Fig. 5�b�. The excellent reproducibility �time to time and
sample to sample� is an additional confirmation of accuracy
and validity. With these Fabry-Perot resonators, we have
demonstrated a spectral method to recover the geometrical
length of a periodic orbit which can now be confidently ap-
plied to different shapes of microcavities.

IV. SQUARE MICROCAVITY

In the context of this paper square-shaped microcavities
present a double advantage. First, they are increasingly used
in optical telecommunications �2,19�. Second, the precision
and validity of the parameters used above can be tested in-
dependently since there is only one totally confined periodic
orbit family. In fact the refractive index is quite low �about
1.5�, so the diamond �see Fig. 6�b�, top inset� is the only
short-period orbit without refraction loss �i.e., all reflection
angles at the boundary are larger than the critical angle

c=arcsin�1/n��42°�.

In a square-shaped cavity light escapes mainly at the cor-
ners due to diffraction. Thus the quality design of corners is
critical for the directionality of emission but not for the spec-
trum. Indeed for a reasonably well designed squared micro-
cavity �see Fig. 1�, no displacement of the spectrum peaks is
detectable by changing the � observation angle. The spectra
used in this paper are thus recorded in the direction of maxi-
mal intensity.

Figure 6�a� presents a typical spectrum of a square-shaped
microcavity. The peaks are narrower than in the Fabry-Perot
resonator spectrum, indicating a better confinement, as well
as regularly spaced, revealing a single periodic orbit. Data
processing is performed exactly as presented in the previous
section: for each cavity the Fourier transform of the spectrum
is calculated �Fig. 6�b�, bottom inset� and the position of its
first peak is located at the optical length. Figure 6�b� sum-
marizes the results for about 20 different microsquares,
namely the optical length inferred from the Fourier transform
vs the a square side width. These experimental results are
fitted by the solid red line. The dotted blue line corresponds
to an a priori slope given by nfull �1.64� times the geometri-
cal length of the diamond periodic orbit �L=2�2a�. The ex-
cellent agreement confirms that the diamond periodic orbit
family provides a dominant contribution to the quantization
of dielectric square resonator.

This result is far from obvious as square dielectric cavities
are not integrable. At first glance the observed dominance of
one short-period orbit can be understood from general con-
siderations based on trace formulas which are a standard tool
in semiclassical quantization of closed multidimensional sys-
tems �see, e.g., �20,21� and references therein�. In general,
trace formulas express the density of states �and other quan-
tities as well� as a sum over classical periodic orbits. For
two-dimensional closed cavities

d�k� � 

n

��k − kn� � 

p

cpeikLp−i�p + c.c., �13�

where k is the wave number and kn are the eigenvalues of a
closed cavity. The summation on the right part is performed

over all periodic orbits labeled by p. Lp is the length of the p
periodic orbit, �p is a certain phase accumulated from reflec-
tion on boundaries and caustics, and amplitude cp can be
computed from classical mechanics. In general, for inte-
grable and pseudointegrable systems �e.g., polygonal bil-
liards� classical periodic orbits form continuous periodic or-
bit families and in two dimensions

cp 

Ap

�Lp

, �14�

where Ap is the geometrical area covered by a periodic orbit
family �see the example of circular cavities in Sec. VI�.

Nonclassical contributions from diffractive orbits and dif-
ferent types of creeping waves �in particular, lateral waves
�21�� are individually smaller by a certain power of 1 /k and
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FIG. 6. �Color online� �a� Experimental spectrum of a square-
shaped microlaser of 135-�m side width. �b� Optical length vs a
square side width. The experiments �red points� are linearly fitted
by the solid red line. The dashed blue line corresponds to the the-
oretical prediction �diamond periodic orbit� without any adjusted
parameter. Top inset: Two representations of the diamond periodic
orbit. Bottom inset: Normalized Fourier transform of the spectrum
in �a� expressed as intensity vs wave number.
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are negligible in the semiclassical limit k→� compared to
periodic orbits.

There exist no true bound states for open systems. One
can only compute the spectrum of complex eigenfrequencies
of quasistationary states. The real parts of such eigenvalues
give the positions of resonances and their imaginary parts
measure the losses due to the leakage from the cavity.

For such systems it is quite natural to assume that the
density of quasistationary states

d�k� �
1

�



n

Im�kn�
�k − Re�kn��2 + Im�kn�2 �15�

can be written in a form similar to Eq. �13� but the contribu-
tion of each periodic orbit has to be multiplied by the product
of all reflection coefficients along this orbit �as it was done in
a slightly different problem in �21��,

d�k� � 

p

cp��
j=1

Np

rp
�j��eikLp−i�p + c.c. �16�

Here Np is the number of reflections at the boundary and rp
�j�

is the value of reflection coefficient corresponding to the jth
reflection for the p periodic orbit.

When the incident angle is larger than the critical angle
the modulus of the reflection coefficient equals 1 �see Eq.
�2��, but if a periodic orbit hits a piece of boundary with an
angle smaller than the critical angle, then �rp��1 thus reduc-
ing the contribution of this orbit. Therefore the dominant
contribution to the trace formula for open dielectric cavities
is given by short-period orbits �cp
1/�Lp� which are con-
fined by total internal reflection. For a square cavity with
n=1.5 the diamond orbit is the only confined short-period
orbit which explains our experimental observation of its
dominance.

Nevertheless, this reasoning is incomplete because the
summation of contributions of one periodic orbit and its rep-
etitions in polygonal cavities does not produce a complex
pole which is the characteristic of quasistationary states.

In order to better understand the situation, we have per-
formed numerical simulations for passive square cavities in a
two-dimensional approximation with TM polarization �see
Sec. II and �22��. Due to symmetries, the quasistationary
eigenstates can be classified according to different parities
with respect to the square diagonals. In Fig. 7�a�, the imagi-
nary parts of wave numbers are plotted vs their real part for
states antisymmetric according to the diagonals �that means
obeying the Dirichlet boundary conditions along the diago-
nals� and called here �- -� states.

These quasistationary states are clearly organized in fami-
lies. This effect is more pronounced when wave functions
corresponding to each family are calculated. For instance,
wave functions for the three lowest families with �- -� sym-
metry are presented in the top of Fig. 8. The other members
of these families have similar patterns. The existence of such
families was first noted in �23� for hexagonal dielectric cavi-
ties, then further detailed in �22�.

One can argue that the origin of such families is analo-
gous to the formation of superscar states in pseudointegrable
billiards discussed in �24� and observed experimentally in
microwave experiments in �25�. In general, periodic orbits of
polygonal cavities form continuous families which can be
considered as propagating inside straight channels obtained
by unfolding classical motion.These channels �hatched area
Fig. 9� are restricted by straight lines passing through cavity
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FIG. 7. �a� Imaginary parts vs real parts of the wave numbers of
quasistationary states with �- -� symmetry for a dielectric square
resonator with nef f =1.5 surrounded by air with n=1. �b� The same
as in �a� but for the states with the smallest modulus of the imagi-
nary part �the most confined states�. Inset. Empty triangles: the
difference �20� between the real part of these wave numbers and the
asymptotic expression. Filled circles: the same but when the correc-
tion term �21� is taken into account.
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corners. In �24� it was demonstrated that strong quantum-
mechanical diffraction on these singular corners forces wave
functions in the semiclassical limit to obey simple boundary
conditions on these �fictitious� channel boundaries. More
precisely it was shown that for billiard problems � on these
boundaries take values of the order of O�1/�k�→0 when

k→�. This result was obtained by using the exact solution
for the scattering on periodic array of half planes. No such
results are known for dielectric problems. Nevertheless, it
seems natural from semiclassical considerations that a simi-
lar phenomenon should appear for dielectric polygonal cavi-
ties as well.

(a) (b) (c)

(d) (e) (f)
FIG. 8. �Top� Squared modulus of wave functions with - - symmetry calculated with numerical simulations. �a� ak=68.74−0.026i, �b�

ak=68.84−0.16i, �c� ak=69.18−0.33i. �Bottom� Squared modulus of wave functions calculated withing the superscar model �- -� and
corresponding to the parameters of the top pictures.

x

y

FIG. 9. Unfolding of the diamond periodic orbit. Thick lines
indicate the initial triangle.

(a) (b)

FIG. 10. �a� Wave numbers for a pentagonal cavity. a is the side
length of the cavity. The three most confined families are indicated
by solid, dashed, and long-dashed lines. �b� The difference �28�
between the real part of quasienergies and superscar expression �25�
for the three indicated families in �a�.
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Within such framework, a superscar state can be con-
structed explicitly as follows. After unfolding �see Fig. 9�, a
periodic orbit channel has the form of a rectangle. Its length
equals the periodic orbit length and its width is determined
by the positions of the closest singular corners. The unfolded
superscar state corresponds to a simple plane wave propagat-
ing inside the rectangle taking into account all phase
changes. It cancels at the fictitious boundaries parallel to the
x direction and is periodic along this direction with a period-
icity imposed by the chosen symmetry class. This procedure
sets the wave number of the state and the true wave function
is obtained by folding back this superscar state.

Superscar wave functions with �- -� symmetry associated
with the diamond orbit �see Fig. 9� are expressed as follows:

�m,p
�−−��x,y� = sin��m

�−�x�sin�2�

l
py�

+ sin��m
�−�x� − 2��sin�2�

l
py�� , �17�

where x� and y� are coordinates symmetric with respect to
the square side. In coordinates as in Fig. 9,

x� = y, y� = x .

In Eq. �17� m and p are integers with p=1,2 , . . ., and
m�1. l=�2a is half of the diamond periodic orbit length
�26�, � is the phase of the reflection coefficient defined by
r=exp�−2i��. For simplicity, we ignore slight changes of the
reflection coefficient for different plane waves in the func-
tions above. So � is given by Eq. �3� with �=1 for TM
polarization and �=� /4, and �m

�−� is the momentum defined
by

�m
�−�l − 4� = 2�m . �18�

This construction conducts to the following expression for
the real part of the wave numbers �27�:

nef fl Re�km,p� = 2���m +
2

�
��2

+ p2

= 2��m +
2

�
�� + O� 1

m
� . �19�

To check the accuracy of the above formulas we plot in the
bottom of Fig. 8 scar wave functions �17� with the same
parameters as those in the top of Fig. 8. The latter were
computed numerically by direct solving the Helmholtz equa-
tions �6� but the former looks very similar which supports
the validity of the superscar model.

The real part of the wave numbers is tested too. In Fig.
7�b� the lowest loss states �with the smallest modulus of the
imaginary part� with �- -� symmetry are presented over a
larger interval than in Fig. 7�a�. The real parts of these states
are compared to superscar predictions �19� with p=1, lead-
ing to a good agreement. To detect small deviations from the
theoretical formula, we plot in the inset of Fig. 7�b� the dif-
ference between a quantity inferred from numerical simula-
tions and its superscar prediction from Eq. �19�,

�E = � nl

2�
Re k�2

− ��m +
2

�
��2

+ p2� . �20�

From this curve it follows that this difference tends to zero
with m increasing, thus confirming the existence of the term
proportional to p2. By fitting this difference with the simplest
expression

�E =
c

m
�21�

we find that c�−6.9. By subtracting this correction term
from the difference �20�, one gets the curve indicated with
filled circles in the inset of Fig. 7�b�. The result is one order
of magnitude smaller than the difference itself.
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FIG. 11. �a� Wave numbers for a pentagonal cavity. a is the side
length of the cavity. The three most confined families are indicated
by solid, dashed, and long-dashed lines. �b� The difference between
the real part of quasi-energies and superscar expression for the three
indicated families in �a�.
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FIG. 12. Unfolding of the five-star periodic orbit for a pentago-
nal cavity. Thick lines indicate the initial triangle.
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All these calculations confirm that the real parts of reso-
nance wave numbers for square dielectric cavities are well
reproduced in the semiclassical limit by the above superscar
formula �19� and our experimental results can be considered
as an implicit experimental confirmation of this statement.

V. PENTAGONAL MICROCAVITY

The trace formula and superscar model arguments can be
generalized to all polygonal cavities. The pentagonal resona-
tor provides a new interesting test. In fact, due to the odd
number of sides, the inscribed pentagonal orbit �indicated by
solid line in Fig. 10�a� � is isolated. The shortest confined
periodic orbit family is twice longer. It is represented with a
dashed line in Fig. 10�a� and can be mapped onto the five-
pointed star orbit drawn in Fig. 10�b� by continuous defor-
mation. In this section we compare the predictions of the
superscar model for this periodic orbit family with numerical
simulations and experiments.

Due to the C5v symmetry, pentagonal cavities sustain ten

symmetry classes corresponding to the rotations by 2� /5
and the inversion with respect to one of the symmetry axis.
We have studied numerically one symmetry class in which
wave functions obey the Dirichlet boundary conditions along
two sides of a right triangle with angle � /5 �see Fig. 10�a� in
gray�. The results of these computations are presented in
Fig. 11.

As for the square cavity, lowest loss states are organized
in families. The wave functions of the three lowest loss fami-
lies are plotted in the top of Fig. 13 and their superscar
structure is obvious.

The computation of pure superscar states can be per-
formed as in the previous section. The five-pointed star pe-
riodic orbit channel is shown in Fig. 12. In this case bound-
ary conditions along horizontal boundaries of periodic orbit
channel are not known. By analogy with superscar formation
in polygonal billiards �24�, we impose that wave functions
tend to zero along these boundaries when k→�.

Therefore a superscar wave function propagating inside
this channel takes the form

(c)(a) (b)

(d) (e) (f)
FIG. 13. �Top� Squared modulus of wave functions for pentagonal cavity with �- -� symmetry calculated with numerical simulations. �a�

ak=104.7−0.017i, �b� ak=102.2−0.05i, �c� ak=105.0−0.12i. �Bottom� Squared modulus of wave functions calculated within the superscar
model and corresponding to the paramters of the top pictures.
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�scar�x,y� = exp�i�x�sin��

w
py���y���w − y� , �22�

where w is the width of the channel �for the five-pointed star
orbit w=a sin�� /5� where a is the length of the pentagon
side�. ��x� is the Heavyside function introduced here to
stress that superscar functions are zero �or small� outside the
periodic orbit channel.

The quantized values of the longitudinal momentum � are
obtained by imposing that the function �22� is periodic along
the channel when all phases due to the reflection with the
cavity boundaries are taken into account

�L = 2��M +
10

�
�� . �23�

Here M is an integer and L is the total periodic orbit length.
For the five-pointed star orbit �see Fig. 10�

L = 10a cos��

5
� , �24�

and � is the phase of the reflection coefficient given by Eq.
�3� with �=1 �for TM polarization� and �=3� /10. For these
states the real part of the wave number is the following:

nL Re k = 2��M +
10

�
�� + O� 1

M
� . �25�

Wave functions inside the cavity are obtained by folding
back the scar function �22� and choosing the correct repre-
sentation of the chosen symmetry class. When Dirichlet
boundary conditions are imposed along two sides of a right
triangle passing through the center of the pentagon �see Fig.
12� M =5�2m� if p is odd and M =5�2m−1� if p is even.
Then, the wave function inside the triangle is the sum of two
terms,

�m,p�x,y� = sin��mx�sin��

w
py���y���w − y�

+ sin�kx� − 2��sin��

w
py����y����w − y�� ,

�26�

where the longitudinal momentum is

�m
L

10
= 2��m +

1

�
� − �� �27�

with �=0 for odd p and �=1/2 for even p. x� and y� in Eq.
�26� are coordinates of the point symmetric of �x ,y� with
respect to the inversion on the edge of the pentagon. In the
coordinate system when the pentagon edge passes through
the origin �as in Fig. 12�

x� = x cos 2� + y sin 2�, y� = x sin 2� − y cos 2� ,

and �=� /5 is the inclination angle of the pentagon side with
respect to the abscissa axis. Wave functions obtained with
this construction are presented in the bottom of Fig. 13. They
correspond to the first, second, and third perpendicular exci-
tations of the five-star periodic orbit family �p=1, 2, and 3�.

To check the agreement between numerically computed
real parts of the wave numbers and the superscar prediction
�25� and �27�, we plot in Fig. 11�b� the following difference:
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FIG. 14. �Color online� Experimental spectrum of a pentagonal
microlaser of 80-�m side length. Inset: Normalized Fourier trans-
form of the spectrum expressed as intensity vs wave number.
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FIG. 15. �Color online� �a� Two examples of periodic orbits: the
square and the pentagon. �b� Two representations of the square pe-
riodic orbit and the caustic of this family in red �inner circle�.
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FIG. 16. �Color online� Vertical red sticks: cp coefficient for
polygons confine by total internal reflection �square, pentagon,
hexagon, etc.�. The dotted blue line indicates the position of the
perimeter.
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�E = �a cos

2�
Re kanum�2

− ��m +
1

�
� − ��2

+ � l

2tan�
�2

�� .

�28�

For pure scar states �= p2. As our numerical simulations have
not reached the semiclassical limit �see scales in Figs. 7 and
11�, we found it convenient to fit numerically the � constant.
The best fit gives ��0.44, 2.33, and 5.51 for the three most
confined families �for pure scar functions this constant is 1,
4, 9, respectively�. The agreement is quite good with a rela-
tive accuracy of the order of 10−4 �see Fig. 11�b��. Irrespec-
tive of the precise value of � the total optical length nL is
given by Eq. �25� and leads to an experimental prediction
twice longer than the optical length of the inscribed penta-
gon, which is an isolated periodic orbit and thus cannot base
superscar wave functions.

Comparison with experiments confirms the superscar na-
ture of the most confined states for pentagonal resonators. In
fact, the spectrum and its Fourier transform in Fig. 14 corre-
spond to a pentagonal microlaser with side a=80 �m, and
show a periodic orbit with optical length 1040±30 �m to be
compared with the five-star optical length nfull10a cos�� /5�
=1061 �m. The agreement is better than 2%.

This result is reproducible for cavities with the same size.
Other sizes have been tested as well. For smaller cavities, the
five-pointed star orbit is not identifiable due to lack of gain,

whereas for bigger ones it is visible but mixed with noncon-
fined periodic orbits. This effect, not specific to pentagons,
can be assigned to the contribution of different periodic orbit
families which become important when the lasing gain ex-
ceeds the refractive losses. We will describe this phenom-
enon in a future publication �28�.

The good agreement of numerical simulations and experi-
ments with superscar predictions gives an additional credit to
the validity of this approach even for nontrivial configura-
tions.

VI. MICRODISKS

Microdisk cavities are the simplest and most widely used
microresonators. In the context of this work, they are of in-
terest because of the coexistence of several periodic orbit
families with close lengths. For low index cavities �n
1.5�
each regular polygon trajectory with more than four sides is
confined by total internal reflection.

In the two-dimensional approximation passive circular
cavities are integrable and the spectrum of quasistationary
states can be computed from an explicit quantization condi-
tion,

n
Jm� �nkR�
Jm�nkR�

= �
Hm

�1���kR�
Hm

�1��kR�
. �29�

Here R is the radius of the disk, n is the refractive index of
the cavity, and �=1 �respectively �=n2� for the TM �respec-
tively TE� polarization. For each angular quantum number
m, an infinite sequence of solutions, km,q, is deduced from
Eq. �29�. They are labeled by the q radial quantum number.

For large �k� the km,l wave numbers are obtained from a
semiclassical expression �see, e.g., �29�� and the density of
quasistationary states Eq. �15� can be proved to be rewritten
as a sum over periodic orbit families. The derivation of this
trace formula assumes only the semiclassical approximation
��k�R�1� and can be done in a way similar to that of the
billiard case �see, e.g., �30��, leading to an expression closed
to Eq. �16�,

d�k� 
 

p

Ap

�Lp

�rp�Np cos�nLpk − Np�2�p +
�

2
� +

�

4
� .

�30�

Here the p index specifies a periodic orbit family. This for-
mula depends on periodic orbit parameters: the number of
bounces on the boundary, Np, the incident angle on the
boundary, 
p, the length, Lp=2NpR cos�
p�, and the area
covered by periodic orbit family, Ap=�R2 cos2�
p�, which is
the area included between the caustic and the boundary �see
Fig. 15�. 2�p is the phase of the reflection coefficient at each
bounce on the boundary �see Eq. �3�� and �rp� is its modulus.

For orbits confined by total internal reflection �p does not
depend on kR in the semiclassical limit, and rp is exponen-
tially close to 1 �29,31�. From Eq. �30� it follows that each
periodic orbit is singled out by a weighing coefficient
cp=

Ap

�Lp
�rp�Np. Considering the experimental values �k�R


1000, �rp� can be approximated to unity with a good accu-
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FIG. 17. �Color online� �a� Experimental spectrum of a micro-
disk of 30-�m radius. �b� Optical length vs. radius. The experi-
ments �red points� are linearly fitted by the sold red line. The other
lines correspond to the theoretical predictions without any adjusted
parameters: the dashed green line to the square, the dotted blue line
to the hexagon, and the solid black line to the perimeter. Inset:
Normalized Fourier transform of the spectrum in �a� expressed as
intensity vs. wave number.
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racy for confined periodic orbits, and thus cp=
Ap

�Lp
depends

only on geometrical quantities. Figure 16 shows the evolu-
tion of cp for polygons when the number of sides is increas-
ing. As the critical angle is close to 45°, the diameter and
triangle periodic orbits are not confined and the dominating
contribution comes from the square periodic orbit. So we can
reasonably conclude that the spectrum �15� of a passive two-
dimensional microdisk is dominated by the square periodic
orbit.

The experimental method described in the previous sec-
tions has been applied to disk-shaped microcavities. A typi-
cal experimental spectrum is shown in Fig. 17�a�. The first
peak of its Fourier transform has a finite width coming from
the experimental conditions �discretization, noise, etc.� and
the contributions of several periodic orbits. This width is
represented as error bars on the graph of Fig. 17�b�. The
continuous red line fitting the experimental data is sur-
rounded by the dashed green line and the dotted blue line
corresponding to the optical length of the square and hexa-
gon, respectively, calculated with nfull=1.64 as in the previ-
ous sections. The perimeter �continuous black line� overlaps
with a large part of the error bars which evidences its con-
tribution to the spectrum, but it is not close to experimental
data.

These experimental results seem in good agreement with
the above theoretical predictions. But actually these reso-
nances, usually called whispering gallery modes, are living
close to the boundary. Thus both roughness and three-
dimensional effects must be taken into account. At this stage
it is difficult to evaluate and to measure correctly such con-
tributions for each periodic orbit. For microdisks with a
small thickness �about 0.4 �m� and designed with lower
roughness, the results are more or less similar to those pre-
sented in Fig. 17�b�.

VII. CONCLUSION

We demonstrate experimentally that the length of the
dominant periodic orbit can be recovered from the spectra of
microlasers with simple shapes. Taking into account different
dispersion corrections to the effective refractive index, a
good agreement with theoretical predictions has been evi-
denced first for the Fabry-Perot resonator. Then we have
tested polygonal cavities both with experiments and numeri-
cal simulations, and a good agreement for the real parts of
wave numbers has been obtained even for the nontrivial con-
figuration of the pentagonal cavity.

The observed dominance of confined short-period orbits
is, in general, a consequence of the trace formula and the
formation of long-lived states in polygonal cavities is related
to strong diffraction on cavity corners. Finally, the study of
microdisks highlights the case of several orbits and the in-
fluence of roughness and three-dimensional effect.

Our study opens the way to a systematic exploration of
spectral properties by varying the shape of the boundary. In
increasing the experimental precision even tiny details of
trace formulas will be accessible. The improvement of the
etching quality will suppress the leakage due to surface
roughness and lead to a measure of the diffractive mode
losses which should depend on symmetry classes. From the
point of view of technology, it will allow a better prediction
of the resonator design depending on the applications. From
a more fundamental physics viewpoint, it may contribute to a
better understanding of open dielectric billiards.
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